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Dissipative dark matter arising from a hidden sector consisting of Nsec exact copies of
the Standard Model is discussed. The particles from each sector interact with those
from the other sectors by gravity and via the kinetic mixing interaction, described by
the dimensionless parameter, ǫ. It has been known for some time that models of this
kind are consistent with large scale structure and the cosmic microwave background
measurements. Here, we argue that such models can potentially explain various ob-
servations on small scales, including the observed paucity and planar distribution of
satellite galaxies, the flat velocity function of field galaxies, and the structure of galaxy
halos. The value of the kinetic mixing parameter is estimated to be ǫ ≈ 1.2 × 10−10
for Nsec = 5, the example studied in most detail here. We also comment on cluster
constraints such as those which arise from the Bullet cluster.
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1 Introduction
The origin of the dark matter in the Universe is perhaps one of the most fascinating
scientific puzzles of modern times. From studies of Large Scale Structure (LSS) and the
Cosmic Microwave Background (CMB), not only can one infer that dark matter exists,
but also that it behaves cosmologically the same as if it were composed of collisionless
cold dark matter particles, e.g. [1]. However, it is also known that these large scale
probes are not very sensitive to the detailed properties of dark matter. Dark matter
which has significant self interactions, is multicomponent, or even comes with a dark
radiation component, is, like collisionless cold dark matter, consistent with LSS and
CMB observations, e.g. [2–7].
There are a number of small scale issues that might shed light on the nature of dark
matter. Perhaps the most important of these are: The paucity cf. [8–10] and distribution
[11–18] of satellite galaxies, the flat velocity function of field galaxies [19–22], and the
structure of galaxy halos. With regard to the latter, a vast amount of information has
been collected from rotation curve measurements, starting in the 1970’s, e.g. [23–26],
and continuing to the present, e.g. [27, 28]. The conclusion is rather surprising: the
structure of dark matter halos, the density profile, is in essence, dictated by the baryonic
distribution, e.g. [29–35]. This baryon - dark matter connection is encapsulated in
various scaling relations [36–45]. This baryon - dark matter connection, along with the
other small scale issues, can potentially illuminate the nature of dark matter. At least,
that is the view adopted here.
The alternative view is that the small scale issues can be explained by baryons
interacting with dark matter via gravity only. Baryonic physics is complex, and the
early period of galaxy formation is poorly constrained by observations, so many things
are possible, e.g. [46–49]. However, in practice the baryonic physics invoked involves
many phenomenological parameters, compromising efforts to test that model on small
scales. Moreover, the baryon - dark matter connection is, at best, accommodated rather
than explained. The empirical baryon-dark matter scaling relations would seem to be
suggestive of a more direct dark matter connection with the baryons than could be
expected in the collisionless cold dark matter model.
Dissipative dark matter appears capable of explaining observations on both large
and small scales. The possibility that dissipative dark matter might be implicated by
the various observations on small scales has been studied over the past decade or so,
especially with regard to halo dynamics [50–56], and the paucity and distribution of
satellite galaxies [57–59]. Much of that work considered mirror dark matter, where dark
matter arises from an exact duplicate of the Standard Model (SM) [60]. That model
is the most theoretically constrained nontrivial dark matter model known; all the dark
sector parameters are fixed and the particles from the dark sector interact with the
standard particles (collectively labelled here as the ‘baryons’) via gravity and via the
kinetic mixing interaction [61,62]. The latter gives a mechanism for baryons to influence
dark matter, which, as discussed above, appears necessary to account for the baryon -
dark matter connection.
The purpose of this paper is to explore the implications of extending the mirror
dark matter model to one with Nsec exact copies of the SM. Such a construction is still
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theoretically constrained [63], but has some flexibility given that Nsec is not known and
can be treated, effectively, as a parameter. In fact, we provide arguments which indicate
that a model with Nsec ∼ 5 could possibly be preferred over the minimal mirror model
case with just one additional sector.
The outline of this paper is as follows: In Section 2 we review the overall picture
of how dissipative dark matter can potentially explain the observations on large and
small scales. In Section 3 we provide some details on the generalized mirror model
with Nsec dark SM copies. The relevant particle physics is reviewed, along with a brief
dissection of the early Universe cosmology. In Section 4 we examine the matter power
suppression of small scale structure and compute the halo mass function within the
Extended Press Schechter formalism. The velocity function is evaluated, making use of
the halo mass - rotational velocity relation suggested by the dissipative dynamics. This
provides an estimate of the kinetic mixing parameter. In Section 5 we qualitatively
discuss dark and baryonic disk formation, which is anticipated to occur during an early
phase of galaxy formation. Section 6 deals with the structure of galaxy dark matter
halos in this framework. These considerations lead to another estimate for the kinetic
mixing parameter, which is compared with the value obtained in Section 4 from the
velocity function. In Section 7, the steady state solutions, presumed to describe the
dark halos around idealized spherically symmetric systems, are computed for a set of
model galaxies for the generalized mirror model with Nsec = 5. In Section 8 we briefly
discuss the implications of the model for dark matter direct detection experiments, and
in Section 9, we conclude.
2 A review of dissipative mirror dark matter
Both the large scale and small scale issues can be addressed within the framework
of dissipative dark matter. Here we aim to provide a brief overview of the emerging
picture of a dissipative dark matter Universe, which has been developed in recent years
in e.g. [2–5,50,53,56,57,64]. The subject, though, has a long history [65–70] (see e.g. [64]
for a more detailed bibliography). These days, consideration of nonbaryonic dark matter
with nontrivial particle properties has become rather common, and there is, of course,
a wider literature of related models and ideas, e.g. [71–82].
A theoretically constrained dissipative dark matter model arises if one contemplates
a hidden sector exactly isomorphic to the Standard Model. That is, one considers
particle physics described by a Lagrangian of the form:
L = LSM(e, u, d, γ, ...) + LSM(e′, u′, d′, γ′, ...) + Lmix . (1)
Such a Lagrangian has a discrete Z2 invariance with respect to the interchange of each
ordinary particle with its hidden sector partner, denoted with a prime (′) in Eq.(1). If
left and right chiral fermion fields are swapped in the hidden sector, then this discrete
symmetry operation is an improper Lorentz transformation [60, 83]. This construction
thus has an interesting symmetry motivation, but also provides specific theoretically
constrained dark matter candidate(s) with rather nontrivial particle properties.
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The hidden sector particles have been called ‘mirror’ particles, the mirror electron
(e′), mirror photon (γ′) etc., and sometimes we will also use more general notation,
e.g. ‘dark electron’, ‘dark photon’ etc. The mirror particles interact with ordinary
particles via gravity and via the kinetic mixing interaction [61, 62], which also leads to
photon-mirror photon kinetic mixing:
Lmix = ǫ
2
F µνF
′
µν (2)
where F µν (F
′
µν) is the field strength tensor for the photon (mirror photon). This is a
renormalizable interaction, consistent with the symmetries of the theory.
For the mirror dark matter model, the broad picture is the following one. The
early Universe can be described by a sector of ordinary particles, including a radiation
component with temperature T (t) and with the matter energy density described in terms
of the usual Ωb parameter. In addition, there is also the set of mirror particles, including
a dark radiation component with temperature T ′(t), and with matter energy density
described by Ωdark. The Universe is expanding, and the evolution of the temperatures,
T (t), T ′(t), is described by the Friedmann equation and also by the second law of
thermodynamics. Since the two sectors are (almost) thermally decoupled, they can
have different thermal histories so that T ′ 6= T . The mirror baryon abundance, like that
of the baryons, is expected to be set by a particle - antiparticle asymmetry, arising at
very early times. The details are model dependent, but Ωdark/Ωb can naturally be of
order one [84–86].
To have a consistent picture we require suitable initial conditions. In the limit
where T ′/T → 0, the time when dark hydrogen recombination occurs goes to zero; this
means that dark sector particles take the form of neutral atoms in the early Universe.
In that circumstance, the dark sector becomes, cosmologically, indistinguishable from
collisionless cold dark matter which is known to lead to remarkably successful CMB
and LSS. Fits of collisionless cold dark matter to the CMB anisotropy spectrum give
Ωc ≈ 5.4Ωb [1]. These considerations suggest that suitable initial conditions for mirror
dark matter are:
T ′
T
≪ 1, Ωdark ≈ 5.4Ωb . (3)
Note that the temperature asymmetry is quite a natural outcome of inflationary models
[69, 87, 88], and is also consistent with the symmetric Lagrangian, Eq.(1).
If it were to happen that T ′/T 6= 0 in the early Universe, then one can talk about
an era prior to mirror hydrogen recombination. In that era, the mirror particles form
a tightly coupled plasma, where pressure plays an important role, and the growth of
density perturbations is impacted by dark acoustic oscillations and dark photon diffusion
[2–5]. These effects are analogous to the corresponding processes affecting the baryons
prior to hydrogen recombination. If T ′ < T , then dark acoustic oscillations and dark
photon diffusion occur earlier, and suppression of power on small scales is a consequence.
In fact, such a suppression of power is desirable because it can explain the paucity of
satellite galaxies cf. [8–10], as well as the flat velocity function of field galaxies [19–22].
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A nonzero value of T ′/T necessarily occurs in the early Universe if the kinetic mixing
interaction exists, as particle processes: ee¯→ e¯′e′ lead to a transfer of entropy from the
ordinary sector to the mirror sector [89]. Such particle processes freeze out at T ∼ me,
leading to an asymptotic T ′/T value: [90, 91]
T ′/T ≃ 0.31
√
ǫ/10−9 , for ǫ . 10−9 . (4)
Having ǫ 6= 0, has the effect of generating new physical scales, the Dark Acoustic
Oscillation scale, LDAO(ǫ) and the Dark Photon Diffusion Scale (Dark Silk Damping),
LDSD(ǫ). If one attempts to match these scales to observations, e.g. by evaluating
the velocity function, then an estimate of ǫ can be made. A calculation along these
lines indicates that ǫ ∼ 2 × 10−10 for the mirror dark matter case (Nsec = 1) [57]. For
such a small value of ǫ, and the associated small value of T ′/T [Eq.(4)], the model
and collisionless cold dark matter become indistinguishable as far as LSS and CMB
anisotropies are concerned [5,92]. On small scales however, the model is very different,
especially with regard to galaxy formation and evolution.
Dark photon diffusion leads to exponential power suppression, somewhat reminiscent
of the situation with warm dark matter, although the physical origin of the effect is very
different. A consequence of this dramatic matter power suppression is that hierarchical
clustering has a low mass cutoff, M∗(ǫ); only collapsed structures with masses greater
than M∗(ǫ) can form from primordial density perturbations. For ǫ ∼ 2× 10−10, M∗ ∼
2× 109 m⊙. 2
Consider now a galaxy-scale perturbation that is sufficiently large (m > M∗) so that
it is not greatly affected by the small scale matter power suppression. If one contem-
plates the evolution of such a galaxy-mass-scale perturbation, then collapse occurs when
the mean overdensity of the perturbation reaches a critical value, δ ∼ 1. During the
nonlinear collapse phase, the dissipative dark matter can undergo complex processes,
shock heating etc., but is expected to ultimately cool and form a dark disk. The bary-
onic matter, which is also collapsing at this time, undergoes similar processes and forms
a baryonic disk. Naturally, the dark disk can have a subcomponent of ordinary mat-
ter and vice-versa. The dark matter, having collapsed to from a disk, would be very
compact, much more compact than the extended dark matter halos inferred to exist
around disk galaxies today. The enhanced gravitational field strength affects also the
baryonic disk, which would also be very compact at this time. Such a dense environ-
ment should be conducive to star formation which could begin even before these disks
are fully formed.3
2One effect of this low mass cutoff is that there should be relatively few (minor) mergers affecting
galaxy evolution. In fact, this quiet merger history may help account for the observations of bulgeless
disk galaxies, e.g. [93, 94]. That is, pure disk galaxies with no evidence for merger-built bulges. These
observations seem to be difficult to reconcile with hierarchical clustering down to arbitrarily low scales
cf. [95, 96].
3 The compact baryonic and dark matter distributions would be expected to support the rapid
growth of supermassive black holes at an early epoch. Indeed, a recent study, which invoked only
a small subcomponent of dissipative dark matter, found that substantial enhancement of black hole
growth was possible [97]. Such studies could be very important in view of observations indicating the
early formation of supermassive black holes e.g. [98–100].
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In the meantime, gravity would tend to make these two disks coalesce on a time scale
of only ∼ 10 Myr cf. [101]. However, shortly after star formation begins, kinetic mixing
induced processes in ordinary Type II supernovae (SNe) located in the baryonic disk
can lead to heating of the dark disk (more details of this mechanism will be discussed
in a moment). If dark supernovae occur, corresponding processes can heat the ordinary
disk. It has been suggested [57] that these disk heating effects could possibly create
a pressure force that overwhelms gravity. If this does indeed happen, then the dark
disk would be expected to evolve until it is orthogonal to the baryonic disk. (If the
pressure force is weaker than gravity, the disks would evolve until they are aligned in
the same plane.) The heating of the disks will also regulate star formation. As they
heat up, star formation can slow. Eventually, the gas component of one disk would
become completely disrupted and star formation in that disk effectively ceases. It is
difficult to determine which of these disks will survive and flourish as the relative star
formation rates are rather uncertain.4 A consistent picture for the observed galaxies
requires the dark disk to be the one which is disrupted, so that it can then expand to
form a roughly spherical dark halo. Naturally, this will require a substantial amount of
energy to be transmitted to the halo, which we will return to in a moment.
In this picture, the dwarf spheroidal satellite galaxies are observable remnants of
the dark disk; these galaxies are not primordial, but grew out of perturbations at the
edge of this disk, either during the disk formation or shortly after. They are ‘top down’
forming structures, originating from larger scale density perturbations. If this formation
mechanism is correct, then the satellite galaxies are expected to be co-rotating and orbit
in the same plane as the dark disk, kinematic features consistent with observations of the
satellites around the Milky Way [11–14], Andromeda [15, 16], and Centaurus A [17, 18]
(see also [103] for earlier historical references).
The kinetic mixing interaction provides the bridge between the ordinary particles
and their mirror sector partners. This interaction, even if very tiny (ǫ ∼ 10−9− 10−10),
transforms Type II SNe into powerful heat sources for the dark sector [104–106]. Ki-
netic mixing induced processes in the SN core generate an expanding energetic plasma,
initially comprising mainly the light mirror particles, e′, e¯′, γ′, with total energy up to
around ∼ 1053 erg for the kinetic mixing strength considered. Insight into the evolu-
tion of this energetic plasma can be obtained from the fireball model of Gamma Ray
Bursts [107–111]. The dark plasma quickly evolves into a relativistic fireball and sweeps
up the nearby mirror baryons as it propagates outward from the SN. The energy of
the fireball is anticipated to be transferred to the mirror baryons. This flow eventually
decelerates, and part of this kinetic energy is converted back into thermal energy which
can radiatively cool producing dark radiation. The end result is that the energy sourced
from ordinary Type II SNe can be transmitted to the dark matter halo in two distinct
ways: via dark photons and also via the heating of mirror baryons in the SN vicinity
4 One important factor is the chemical composition: With T ′ ≪ T in the early Universe, mirror BBN
calculations indicate that the dark sector is helium dominated, while the baryonic sector is hydrogen
dominated [2]. Although it is known that helium dominated stars evolve more rapidly than hydrogen
dominated ones [102], their formation rate is the more relevant consideration here, and is difficult to
reliably estimate. However, the fact that helium has no low energy excitations is one factor suggesting
a reduced mirror star formation rate.
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(and beyond via convection/conduction processes).
If the energy transmitted to the mirror baryons is substantial, then the mirror gas
component of the dark disk can be completely disrupted as it expands in response to the
heating. As the dark matter expands, this influences the baryonic Star Formation Rate
(SFR). The SFR is known to be strongly correlated with the gas density [112,113], and
this density reduces when the dark matter is expanding due to the weakening gravity.
The system is a complicated one, with baryons coupled to the dark matter via gravity,
while the dark matter is coupled to the baryons via SN sourced heating. One envisages a
fairly rapid dark matter expansion which ultimately slows due to the decreasing energy
input as the SFR subsides. There may of course be various complications during this
upheaval, such as baryon and dark baryon outflows etc.
This dynamically evolving system can be modelled by fluid equations. It is assumed
that the system eventually relaxes to a steady state configuration. In principle, one
needs to model the SFR in this evolving environment and solve the time-dependent
fluid equations to check that this actually happens. But, if it does, then this provides
for a fairly simple description of the physical properties of the dark matter halo around
galaxies with active star formation.5 The density and temperature are determined by
the steady state conditions, and in the limit of no bulk halo motion, these conditions
are:
H = C ,
▽P = −ρ∇φ . (5)
The first equation equates the local heating and cooling rates of the dark halo plasma,
while the second equation is the balancing of the pressure gradient with the gravitational
force (hydrostatic equilibrium).
These steady state equations have been studied in a number of papers, e.g. [51,
52], with [55] and [56] providing the most detailed description for mirror dark matter.
Some simplifying assumptions were made, including spherically symmetric modelling of
both the halo and the baryonic components. Despite these simplifications, a broadly
consistent description of the physical properties of the dark halo emerged with halo
heating sourced by local processes in the vicinity of ordinary SNe. Assuming a halo
with negligible mirror metal content, the halo properties depend only on the amount of
energy transmitted to the halo per (average) SN, denoted by the parameter Le
′
SN. If L
e′
SN
is approximately constant for all galaxies, then this dynamics becomes quite predictive.
In fact, realistic rotation curves for the modelled spirals were obtained for Le
′
SN ≈ 1053
erg [56]. This value is close to the maximum available energy from a Type II SN,
and a tad higher than expectations for ǫ ∼ 2 × 10−10, although there are considerable
uncertainties and a precise calculation of Le
′
SN in terms of the kinetic mixing parameter
is not yet available.
Realistic rotation curves result largely because the dark matter distribution is strongly
influenced by the baryons (given that Type II SNe are the primary heat source). Not
5 The halos around galaxies without active star formation are expected to have very different physical
properties. In particular the dwarf spheroidal galaxies and elliptical galaxies have relatively little active
star formation; for these galaxies the halo is expected to have cooled and condensed into dark stars,
black holes etc.
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only does this lead to an approximately cored halo density profile, but the core radius,
r0, correlates with the baryonic scale length, rD. These properties lead to a linearly
rising rotational velocity in the inner region r . rD, consistent with observations,
e.g. [28–31, 41, 45]. Another consequence of this dynamics is that the normalization
of halo rotational velocities follows Tully Fisher - type relations. In fact, the entire halo
dark matter distribution was found [56] to be dictated by the baryonic distribution in a
manner broadly consistent with observations. It appears that the baryon - dark matter
connection can be explained in this dynamics.
The picture sketched above assumed mirror dark matter, but a more generic dissipa-
tive model is, of course, possible. Mirror dark matter though, is rather special in that it
is strongly theoretically constrained. There is only one new fundamental parameter, the
kinetic mixing strength ǫ. Actually, the generalization of mirror dark matter to a model
with several additional isomorphic sectors, is also strongly theoretically constrained,
although obviously less minimal. Here, we denote by Nsec the number of additional
sectors, so that the mirror dark matter case corresponds to having Nsec = 1. The aim
of this paper is to explore the generalized mirror dark matter model where there are
multiple additional sectors Nsec ≥ 1. We are interested in the case where Nsec is not so
large, Nsec . 10, so that the above broad picture can result from such models.
3 Generalized Mirror Dark Matter
3.1 The particle physics
We consider the generalized mirror model, which consists of Nsec identical dark sectors
that are copies of the SM [63]. That is, the Lagrangian describing fundamental physics
is
L = LSM(e, u, d, γ, ...) +
Nsec∑
i=1
LSM(ei, ui, di, γi, ...) + Lmix . (6)
These dark sectors shall be assumed to be exact copies of the SM, that is, the chirality of
the dark sector fermions is not flipped. In this case the Lagrangian possesses a CNsec+1
discrete symmetry, the permutation symmetry of Nsec + 1 objects. With this discrete
symmetry, the kinetic mixing interaction is described by one dimensionless parameter,
ǫ′, and takes the form
Lmix = ǫ
′
4
∑
i,j
F iµνF jµν (7)
where F iµν is the field strength tensor of the ith sector U(1)Y gauge boson. Here, the
sum runs over i, j = 0, ..., Nsec, with j 6= i, where i = 0 is taken as the SM sector.6 As
in the mirror model case, kinetic mixing induces tiny ordinary electric charges for the
6In general, one can consider the case of p ordinary sectors and q chirality flipped sectors. In such
case the structure of the discrete symmetry is different and the kinetic mixing interaction involves
several parameters [63].
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charged dark sector particles. The induced electric charges for the ith sector proton (pi)
and electron (ei) are ±ǫe, where ǫ can be defined in terms of ǫ′ and the weak mixing
angle, θw: ǫ = ǫ
′ cos2 θw/[1 + ǫ
′(Nsec − 1)].
Each sector has an associated Higgs doublet, φi, and in general there can also be a
quartic Higgs mixing term: Lmix = λ′
∑
i,j φ
†
iφiφ
†
jφj. Analysis of the Higgs potential,
including the quartic mixing term, finds that the CNsec+1 symmetric vacuum, in which
the Vacuum Expectation Values (VEV) for the Higgs doublets are identical with each
other, results for a large range of parameters [63, 114]. The point where λ′ = 0 is also
contained within this parameter space, which is fortunate as there are fairly strong
contraints on a nonzero λ′ from collider experiments [64, 115] and generally tighter
constraints from early Universe cosmology [116, 117]. Such a symmetric vacuum state
will be assumed, which means that the symmetry between each sector, including the
sector describing the ordinary particles, is exact and unbroken. It follows that the
particle masses of the corresponding particles in each sector are identical, so for example,
me = me1 = ... = meNsec .
In addition to dark matter, neutrino masses and the baryon number asymmetry of
the Universe can be accommodated in this framework, but there are many possibilities.
Typically this involves replacing LSM in Eq.(6) with an extension containing new par-
ticles and interactions (e.g. by including right handed neutrinos to allow for neutrino
masses). Finally, the construction Eq.(6) might have some unexpected connection to
gravity. A curious feature of the SM Higgs effective potential is the possibility that it
contains two degenerate vacua; the usual one at the weak scale and another one near
the Planck scale, e.g. [118–120]. This could perhaps be taken as a hint that a more
fundamental theory might involve multiple SM sectors; one (or more) of these sectors
gains the Planck scale VEV and the remaining sectors gain the electroweak scale VEV.
If these scalars couple to the curvature, R, in a (minimal) scale invariant manner, with
coupling constant of order unity, then the Einstein-Hilbert action results after sponta-
neous symmetry breaking. The classical scale invariance can be extended to the full
Lagrangian and a fairly constrained model can be constructed which reduces to Eq.(6)
in the low energy limit [121].
3.2 Dark matter from multiple SM sectors
In this type of model the dark baryons can form the dark matter. The existence of
dark baryons, like ordinary baryons, requires a particle-antiparticle asymmetry to be
generated in the very early Universe. The origins of such particle asymmetries are
unknown; many possibilities have been proposed in the context of mirror dark matter
[84–86], related models [122,123], and more generally e.g. [124,125]. Such a framework
has the potential to explain why the mass densities of the dark matter and ordinary
matter are similar, Ωdark ∼ Ωb, as the ordinary and dark sector asymmetries can be
interconnected. Mirror dark matter, and indeed dark matter arising from multiple
copies of the Standard Model, are perhaps of particular interest in this regard as such
models require the mass scale of the baryons and dark sector baryons to be identical.
Understanding why the dark and ordinary sectors have a similar mass scale is, of course,
required for Ωdark ∼ Ωb to be fully explained.
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With multiple SM copies the possibility that each sector has an identical matter
content arises, i.e.
Ω1 = .... = ΩNsec . (8)
If Ω1 = Ωb, then Nsec = 5 is preferred, although the best estimates of Ωdark/Ωb available
disfavour this quantity being an integer, Ωdark/Ωb = 5.40± 0.11 [1].
In addition to the matter content, each sector has a radiation component which
can be probed via the CMB anisotropies and also via Big Bang Nucleosythesis (BBN).
These considerations can be used to place limits on the energy density of the dark
sector particles during the radiation dominated era. For example, Planck observations
combined with other astrophysical data give Neff = 3.15±0.23 for the effective number of
relativistic degrees of freedom [1], which is consistent with the SM value of Neff = 3.046.
This gives a CMB limit of around δNCMBeff ≤ 0.56 at 95% C.L. Since the dark sectors
are thermally decoupled from each other, each sector can be described by a distinct
temperature Ti, that is also distinct from the baryonic sector temperature, T . Clearly,
the case where Ti = T is excluded, and the energy density requirements can be satisfied
if there is a temperature asymmetry present prior to hydrogen recombination:
Ti
T
.
0.5
(Nsec)1/4
, i = 1, ..., Nsec . (9)
This temperature asymmetry also needs to be present prior to the BBN epoch if the
primordial abundances of light elements are to be explained in the usual way.
Inflationary models which give Ti/T ≪ 1 have been constructed within the context
of mirror dark matter and related models [69, 87, 88], and this motivates an effective
initial condition for the temperature asymmetry:
Ti
T
≪ 1 , i = 1, ..., Nsec . (10)
It should perhaps be emphasized that, within the context of inflationary models, this
asymmetric effective initial condition is not in any formal conflict with having a sym-
metric Lagrangian [Eq.(6)] with symmetric initial conditions prior to inflation. Also,
having asymmetries of the form Eq.(8), with Ω1 ≃ Ωb, is similarly not inconsistent with
having asymmetric temperatures, Eq.(10). In fact, simple asymmetry generating mirror
models have been constructed [84] that are consistent with the conditions Eq.(8) (with
Ω1 ≃ Ωb) and Eq.(10). In general, Ω1 need not be exactly Ωb in such models, it is de-
pendent on the details of the specific asymmetry generating mechanism and associated
thermal history.
In the presence of kinetic mixing, with the effective initial conditions, Eq.(8), entropy
is transferred from the ordinary particles to the dark sector particles, and Ti/T becomes
nonzero. The fundamental process driving this entropy transfer is ee¯ → eie¯i cf. [89].
Since ne ≃ ne¯ ∝ T 3, σ ∝ 1/T 2, we have Γ ∝ T and Γ/H ∝ 1/T .7 It follows that this
process is most important at low temperature, T . 100 MeV, where Ti/T ∝ 1/T 1/4 [90],
7 Natural units with ~ = c = kB = 1 are used throughout, unless otherwise indicated.
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and increases until T ∼ me. After this time the number of e, e¯ becomes Boltzmann
suppressed and Ti/T asymptotes to: [91]
Ti/T ≃ 0.31
√
ǫ/10−9 . (11)
The above result assumed that the dark sector has energy density much less than the
ordinary sector, an assumption valid for ǫ values satisfying the CMB constraint, Eq.(9).
Notice that the asymptotic value of Ti/T is independent of Nsec.
As with the mirror dark matter case, reviewed in Sec. 2, the nonzero Ti/T means
that there was an era prior to dark hydrogen recombination, where the dark sector par-
ticles formed a plasma. This will have important ramifications for small scale structure
(discussed in the following section). The composition of the dark plasma is also poten-
tially quite important. In addition to dark electrons, dark protons and dark photons,
the plasma contained dark helium, formed somewhat earlier during dark BBN. In fact,
the dark sectors are helium dominated cf. [2], with mass fraction around Y ′p ≈ 0.95 for
ǫ ∼ 2× 10−10 [64, 126].
4 Power suppression on small scales
4.1 The power spectrum
Structure in the Universe is seeded from tiny perturbations, δ ∼ 10−5, at very early
times. These perturbations evolve according to a set of coupled Boltzmann and Einstein
equations. For the dark matter model under discussion, with Nsec exact copies of the
SM, this evolution can be separated into two regimes; the period prior to dark hydrogen
recombination, where the dark matter consists of a plasma containing dark electrons,
dark protons and dark photons, and the period after, where the dark photons decouple
from the dark matter. Prior to recombination the dark matter plasma can be modelled
as a tightly coupled fluid which evolves under the influence of gravity and pressure.
Dark acoustic oscillations and dark photon diffusion are important processes in this
era. These processes also arise for baryons prior to hydrogen recombination, but since
hydrogen recombination happens at a later time (given Ti < T ) the baryon acoustic
oscillations can occur on much larger scales. After dark hydrogen recombination, the
dark matter is influenced only by gravity, and evolves in the linear regime in the same
way as collisionless cold dark matter.
With the assumed effective initial conditions, Eq.(10), the time of dark hydrogen
recombination, when Ti ≈ 0.25 eV, is controlled by the kinetic mixing parameter, ǫ,
via Eq.(11). As ǫ → 0, the time when dark hydrogen recombination occurs also goes
towards zero, and it follows that in the linear regime generalized mirror dark matter
would evolve (in that limit) in the same way as collisionless cold dark matter on all
scales. For ǫ 6= 0, departures occur, which only occur on small scales, smaller than the
sound horizon at dark recombination.
The evolution of perturbations in the early Universe are described by Boltzmann and
Einstein equations which can be solved when the relevant perturbations are less than
unity (linear regime). Since the dark sector consists of copies of the Standard Model, the
10
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Figure 1: Generalized mirror dark matter power spectrum for (a) ǫ = 10−10, with Nsec = 5
(thick solid line), and Nsec = 1 (dashed line). The thin upper line is for ǫ = 0, cosmologically
equivalent to collisionless cold dark matter. (b) same as (a) but for ǫ = 2× 10−10.
relevant equations are analogous to the equations governing baryons, e.g. [127], and were
given explicitly in [5] for the mirror dark matter case (Nsec = 1). These equations can
easily be adapted to the more general case of Nsec exact SM copies, and will be solved
here to obtain the matter power spectrum. In the numerical work the cosmological
parameters, in the usual notation, e.g. [127], were taken as follows: Ωmh
2 = 0.142,
Ωbh
2 = 0.022, ΩΛ = 1− Ωm, ns = 0.97, h = 0.7 (Ωm = Ωdark + Ωb).
The matter power spectrum is defined in terms of the Fourier transform of the
fractional overdensity, δ(k), by:
〈δ(k)δ⋆(k′)〉 = (2π)3P (k)δ3(k− k′) (12)
where the brackets indicate an ensemble average. In Figure 1 we show the computation
of this quantity, at redshift z = 0, in the generalized mirror model for several values of
ǫ, Nsec. The case of ǫ = 0, where the equations are equivalent to those of the collisionless
cold dark matter model, is also shown for comparison.
As discussed above, the suppression of power on small scales can be understood from
the effects of dark acoustic oscillations and dark photon diffusion. These scales can be
estimated analytically from linear perturbation theory, and can be extracted from the
calculation given in the appendix of [57]:
LiDAO = 8.6
(
Ωdark
Ωi
)1/2 ( ǫ
10−9
)5/4
h−1 Mpc ,
LiDSD =
(
Ωdark
Ωi
)1/2 ( ǫ
10−9
)3/4
h−1 Mpc . (13)
This estimate for LiDSD also takes into acount the effects of the dark helium mass fraction,
i.e. LiDSD ∝ (1 − Y ′p/2)−1/2 from [127], with Y ′p ≈ 0.95 used. For each of these length
scales the associated wavenumber scale is roughly k ≈ π/L. For identical matter content
in each dark sector, Eq.(8), it follows that Ωdark/Ωi = Nsec. Dark acoustic oscillations
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provide only a moderate suppression of power, while dark diffusion damping provides a
much sharper exponential decline. Since LDAO and LDSD are proportional to
√
Nsec, the
small scale power suppression will encroach larger scales for models with higher values
of Nsec (unless compensated by a smaller ǫ value).
The mass scales corresponding to these length scales are: MDAO ∼ πρcritΩmL3DAO/6,
MDSD ∼ πρcritΩmL3DSD/6, where ρcrit ≃ 1.8788× 10−29 h2 g/cm3 is the critical density.
The paucity of satellite galaxies suggests that MDSD ∼ 109 − 1010 m⊙, which provides
a rough estimate of ǫ ∼ 2.5 × 10−10/N2/3sec . For such values of kinetic mixing strength,
we have MDAO ∼ 2 × 1011m⊙/Nsec. The moderate suppression of power due to dark
acoustic oscillations can help explain the rather flat velocity function measured for field
galaxies [19–22], which can also be used to extract another estimate of ǫ [to be looked
at in Sec. 4.3].
4.2 The halo mass function
Naturally, we would like to know the number and distribution of galaxies in the Universe.
To this end, it is useful to calculate the halo mass function. This is the number density
of dark halos per mass interval. The halo mass function will be here computed at
redshift z = 0 using the Extended Press Schechter (EPS) formalism [128, 129]. The
EPS method assumes linear growth of perturbations until the mass overdensity reaches
a certain critical threshold, at which point the halo is assumed to immediately collapse.
Here we give only the equations to be solved. For a description of the EPS formalism,
along with more extensive bibliography, see e.g. [130].
The halo mass function depends on the choice of filter function. Here, we make use
of the sharp-k filter, a top-hat function in Fourier space: W (k;R) ≡ Θ(1− kR), where
Θ denotes the Heaviside step function. As discussed in [131, 132], the more commonly
used filter functions, including the top-hat function in real space, fail when applied to
theories with exponentially suppressed power on small scales.
In the EPS formalism the halo mass function is:
dn
d logmhalo
=
ρ¯
mhalo
νf(ν)
d ln ν
d logmhalo
(14)
where ρ¯ = Ωmρcrit is the average density in the Universe. Here, f(ν) is the first-crossing
distribution. In the case of ellipsoidal collapse [133]:
f(ν) = A
√
2
π
[
1 + (ν)−2p
]
e−
ν
2
2 (15)
where A = 0.3222 and p = 0.3. Also, ν is defined as:
ν ≡ δc
σ(R)
(16)
where the critical overdensity for collapse at redshift z = 0 is δc ≃ 1.686 and σ(R) is
the variance:
σ2(R) =
1
2π2
∫
dk k2P (k)|W (k;R)|2 . (17)
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Figure 2: Halo mass function calculated within the EPS formalism for the generalized mirror
dark matter model. Shown are the results for (a) ǫ = 10−10, with Nsec = 5 (thick solid line),
and Nsec = 1 (dashed line). The thin upper line is for ǫ = 0, cosmologically equivalent to
collisionless cold dark matter. (b) same as (a) but for ǫ = 2× 10−10.
Here, P (k) is the linear matter power spectrum at redshift z = 0. The mapping between
the filter scale R and the mass scale is mhalo = 4πρ¯(cR)
3/3, where c = 2.5 [131,132,134].
The halo mass function was calculated by numerically solving the above set of equa-
tions for a generic dissipative dark matter model in [57]. Here, we repeat this exercise
for the generalized mirror dark matter model. The results for several examples are
shown in Figure 2 (the parameters chosen are the same as Figure 1). The oscillations
in the figure are due to the dark acoustic oscillations, which are not diminished by the
use of the sharp-k filter. These oscillations are expected to be much less pronounced
if a more physical filter could be found. In any case, they would be smoothed out by
galaxy evolutionary processes.
4.3 The velocity function
To compare with observations it is necessary to relate the halo mass to something more
easily observable; the baryon mass, or more ideally, the velocity function. Dissipative
halo dynamics gives such a relation. As will be discussed in more detail in Sec. 6,
galaxy halos are assumed to have evolved into a steady state configuration, and as a
consequence, the halo density can be related to the Type II SN distribution in galaxies.
This allows one to conect the halo mass to the maximum halo rotational velocity, vmaxhalo .
For an exponential SN spatial distribution, the halo mass relation that follows from
such considerations is:
mhalo ≃ 8.54
GN
[vmaxhalo ]
2 rD
≃ 4.0× 1011m⊙
[
vmaxhalo
200 km/s
]2 [
rD
5 kpc
]
(18)
where GN is Newton’s constant. Here, rD is the baryonic scale length, which is a length
scale associated with the distribution of Type II supernova, and can be approximated
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Figure 3: Velocity function calculated within the EPS formalism. Shown are the results
for generalized mirror dark matter with (a) ǫ = 10−10 with Nsec = 5 (thick solid line), and
Nsec = 1 (dashed line). (b) same as (a) but for ǫ = 2× 10−10. Data is obtained from [22].
by the stellar disk scale length. The above relation, which is independent of Nsec, has
also been obtained in the context of the mirror model [56].
There are some important caveats with regard to the use of the halo mass relation,
Eq.(18). Firstly, Eq.(18) refers to the halo mass after a period of evolution leading
to the steady state configuration. If there were large dark baryon outflows due to
galaxy evolutionary processes, then the halo mass relation would not be so useful for
our purposes here, as such processes are not incorporated into the Press Schechter
formalism. On the other hand, the halo mass relation would still be useful if baryon
outflows occur, as it relates the halo mass directly to the halo rotational velocity. It
doesn’t matter that baryon outflows are not incorporated in the EPS formalism as
baryons constitute only a subcomponent of the mass. Also, the halo mass relation
would be invalid if there are (currently) a significant proportion of galaxies with halos
not in the steady state configuration, or without dissipative halos. In particular, it is not
expected to be valid for elliptical galaxies and some dwarf irregular galaxies (although
it may still approximate these objects at some level). Given these significant caveats,
only a rough estimate for the velocity function is possible.
To make contact with observations, we shall make the simple assumption that vmaxhalo
in Eq.(18) can be identified, approximately, with the measured asymptotic rotational
velocity, vrot. Furthermore, there are baryonic scaling relations which, as will be shown
in a moment, imply a tight correlation between rD and vrot:
rD
kpc
≈ 3.9
[
vrot
200 km/s
]δ
. (19)
This relation, together with Eq.(18) implies:
mhalo
1012 m⊙
≈ 0.31
(
vrot
200 km/s
)2+δ
. (20)
The index δ can be estimated in the following way. The stellar disk scale lengths are
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Figure 4: Velocity function calculated within the EPS formalism. Data is obtained from [22].
An example near the best fit is shown forNsec = 1 (dashed line), Nsec = 5 (solid line), Nsec = 10
(dashed-dotted line). The ǫ/10−10 values are 2.4, 1.2 and 0.85 respectively.
observed to be tightly correlated with baryon mass via:
log(rD/kpc) = s1[log(mbaryon/m⊙)− 10] +B (21)
where s1 = 0.385
+0.008
−0.013, B = 0.281
+0.010
−0.009 [135]. In addition, there is the baryonic Tully
Fisher relation,
log(mbaryon/m⊙) = s2 log(vrot/km/s) + A (22)
where s2 = 3.75 ± 0.11, A = 2.18 ± 0.23 [38]. Combining these two scaling relations
gives Eq.(19), with δ = s1s2 = 1.44± 0.06.
The velocity function can now be determined by combining the halo mass function,
computed in Sec.4.2, with Eq.(20), which gives the mhalo − vrot connection. As already
mentioned, the oscillations in the halo mass function are expected to be smoothed via
various processes. To take into account this averaging, the velocity function can be
convolved with a Gaussian
〈 dn
d log v
〉 = 1√
2πσ
∫
e
− 1
2
[
(log
∼
v− log v)/σ
]
2 dn
d log
∼
v
d log
∼
v . (23)
In Figure 3 we plot this smoothed velocity function, with variance σ = 0.15, for the same
parameters as Figures 1,2. Also shown in the figure is the measured velocity function
from [22]. That study used data from the Calar Alto Legacy Integral Field Area survey
(CALIFA) [136] for large galaxies, combined with the velocity function measured from
HI Parkes All Sky Survey HIPASS [19] for the smaller galaxies.
15
-11
-10.5
-10
-9.5
-9
 2  4  6  8  10
lo
g 
ε
          Nsec
1
|
Figure 5: Allowed region in the Nsec, ǫ plane, from a fit of the predicted velocity function
in the generalized mirror model to the data obtained from [22].
To make a rough estimate for the region of parameter space of interest we have
performed a simple χ2 analysis. Specifically, we have calculated the χ2 function:
χ2(ǫ, Nsec) =
∑
j
[〈 dn
d log v
〉 − data[j]
δdata[j]
]2
(24)
for the data (from [22]) over the range 60 km/s . vrot . 230 km/s. This corresponds
to 9 data points in the sum. This range was chosen as the halo mass relation, Eq.(18),
is possibly unreliable for the largest galaxies where ellipticals can dominate. [Although,
using the entire data range from [22], 60 km/s . vrot . 300 km/s, did not significantly
alter the results obtained.]
For the purposes of this simple χ2 analysis, for each ǫ, Nsec, we have minimized χ
2
over variations of (a) the variance σ (σ ≤ 0.2), (b) 2 + δ = 3.44± 0.20, and (c) allowed
for an overall normalization uncertainty of ±30% for the predicted velocity function
(due to various uncertainties inherent in the Press Schechter approach adopted). The
resultant χ2 function was then minimized with respect to variations in ǫ. The result of
this procedure was a χ2min/d.o.f ≃ 0.9, which was roughly independent of Nsec in the
range considered (1 ≤ Nsec ≤ 12). The best fit ǫ values follow ǫ ≃ 2.4 × 10−10/N2/5sec ,
a behaviour which can be understood from LiDAO in Eq.(13). The velocity function
that results from a kinetic mixing value near the best fit for Nsec = 1, 5, 10 is shown
in Figure 4. We have also made an estimate of the ǫ, Nsec values preferred by the
measured velocity function, shown in Figure 5. This region was obtained by requiring
χ2 ≤ χ2min + 25 (roughly a 5σ allowed region).
The allowed region obtained in Figure 5 is compatible with the earlier estimate,
ǫ ∼ 2.5×10−10/N2/3sec , inspired by the paucity of satellite galaxies, so that a self consistent
picture emerges. The measured flat velocity function is the result of dark acoustic
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oscillations, while at smaller scales, exponential suppression from dark photon diffusion
provides a sharp cutoff. This cutoff is responsible for the observed deficit of small
satellite galaxies. Actually, the number of satellites observed around the Milky Way
and Andromeda is more than would be expected, so these satellite galaxies presumably
originated out of the collapse of larger scale density perturbations, i.e. in a top-down
fashion, as will be discussed in more detail in the following section.
5 Origin of satellite planes
Observations of the satellite galaxies orbiting around the two largest galaxies in the local
group, the Milky Way and Andromeda, indicate that their distribution is anisotropic.
In each of these galaxies, many of the satellites have been found to orbit in a co-rotating
planar distribution. Considering Andromeda, it was found [15,16] that about half of the
satellites belong to a vast extremely thin planar structure, about 400 kpc in diameter but
only about 14 kpc in thickness. Of the 15 satellites in this thin plane, 13 of these were
found to be co-rotating sharing the same direction of angular momentum. Simulations
with collisionless dark matter indicate that the probability of such an occurrence is only
around 0.1% [137]. A qualitatively similar planar distribution has been found to exist
around the Milky Way [11–14], and also, Centaurus A [17, 18]. See [103] for a review
and more extensive bibliography.
Exponential power suppression on small scales suggests that the satellite galaxies
could not have arisen from the growth of tiny perturbations seeded in the Early Uni-
verse. Presumably, the satellite galaxies formed top-down, i.e. out of larger mass scale
perturbations. As reviewed in Sec.2, and discussed in [57] (see also [58, 59]), it is en-
visaged that the satellite galaxies arose as a consequence of dark disk formation; the
satellite galaxies formed from perturbations at the edge of the dark disk during (or
shortly after) the complicated nonlinear dissipative collapse. The satellites should be
very old, forming around the same time as the oldest baryonic stars. Despite the inher-
ent complexities in such a formation scenario, this picture has the potential to provide
a very simple explanation for the observed planar distribution of the satellite galaxies
around the Milky Way, Andromeda and Centaurus A. It seems particularly important,
therefore, to try to understand as much as possible about this early phase of galaxy
formation and evolution.
According to the standard picture of galaxy formation, a galaxy mass scale perturba-
tion evolves linearly initially, governed by Boltzmann and Einstein equations. Eventu-
ally such a perturbation reaches a critical overdensity, δ ∼ 1, and gravitational collapse
begins. During the nonlinear collapse, the baryonic and dark matter initially free fall,
with the kinetic energy of the infalling matter converted to thermal energy via shock
heating. Since both baryonic matter and dark matter are dissipative, cooling processes
can occur in each sector, and it is anticipated that baryonic and dark disks can form.
Naturally, these disks could only have been formed if the collapsing cloud had some
initial angular momentum. The standard theory describing angular momentum gener-
ated via tidal torques, e.g. [138–142], could be applied to this dissipative dark matter
model. Some important modifications are likely, e.g. the angular momentum losses due
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Figure 6: The geometry: edge on view of the dark and baryonic disks.
to dynamical friction can be mitigated due to the suppression of small scale structure
cf. [143].
If dark and baryonic disks do indeed form at this early stage of galaxy formation,
then their evolution is rather important. A pertinent discussion about the formation
and evolution of dark disks has been given in a somewhat related kind of dissipative dark
matter model in [101]. There are important differences: The dissipative dark matter
was assumed in that reference to be a subcomponent of the dark matter and there
was no kinetic mixing induced heating. Under those conditions, the authors of [101]
argued that the baryonic and dark disks would form and evolve under gravity until the
disk planes merged. If the satellite galaxies were indeed formed out of perturbations at
the edge of the dark disk, then the satellite plane should be aligned with the plane of
the baryonic disk; this would be at odds with the orthogonal orientation of the planar
distribution of Milky Way satellites. It would also be at odds with the orientation of
the satellite plane around Andromeda, which is observed to be inclined to the baryonic
disk by θdisk ≈ 51◦ [16].
Gravity is not the only force that can act on the two disks. A pressure force could
arise if either (or both) of the disks were heated from heat sources in the other disk. As
will be discussed in more detail in Sec.6, kinetic mixing induced processes in ordinary
(baryonic) SNe will produce a huge dark energy release heating dark baryons directly
and via dark radiation. The disks have finite thickness and the two sides of the disk
would be heated unevenly (assuming that θdisk 6= {0, π/2}), that is the side of the
disk facing the other disk would be the hot side. This uneven heating would create
a temperature gradient across the disk thickness, ∂T/∂z, and also a pressure force,
∂P/∂z ∼ n∂T/∂z. (See the appendix for a crude estimate of the pressure force.)
In fact, this force will be in the direction perpendicular to the disk plane opposing
gravity (Figure 6). Baryonic SN can also produce a substantial dark baryonic wind, and
conversely, dark SN can produce a baryonic wind. These winds could also contribute
to the pressure, and may well dominate over the other effects.
If the pressure force overwhelms gravity then the dark and baryonic disks would
evolve until they are orthogonal, θdisk = π/2. The expected time scale is short, t ∼ 10
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Myr cf. [101]. Satellites which formed out of material at the edges of the dark disk
could presumably share the same plane as the dark disk given the short time scale of
the disk evolution. This seems to provide a possible explanation for the orthogonal disk
of satellites observed around the Milky Way. 8 In the case of Andromeda, the satellite
plane is not orthogonal, θdisk ≈ 51◦. There appears to be a readily available explanation
though, namely that this offset is the result of a major merger event. In fact, there
is evidence that Andromeda underwent a major merger just 2-3 Gyr ago [146]. The
Milky Way, on the other hand, is known to have a relatively quiet merger history,
e.g. [147], which could explain why its satellite plane remains relatively unperturbed
with an approximately polar orientation. This all seems very convenient. Naturally,
one might need to check that such a violent incident in Andromeda’s past could disrupt
the baryonic disk, affecting its orientation, but leaving the plane of satellites largely
undisturbed.
The stability of satellite planar systems, especially if formed very early (∼ 10 Gyr
ago) as in the scenario advocated here, is a potentially serious issue. However, the polar
alignment with respect to the baryonic disk is one of the few configurations where a thin
satellite disk can persist over a cosmological time scale [148, 149]. Also, destabilizing
effects due to dark subhalos, which can be quite debilitating [150], are expected to be
greatly mitigated in the dissipative dark matter model due to the small scale power
suppression effects discussed in Sec.4. Of, course, at θdisk ∼ 51◦, the plane of satellites
around Andromeda would not be expected to survive very long, so the relatively recent
nature of the major merger event, possibly just 2 Gyr ago [146], appears to be an
important consideration.
The particular scenario advocated here suggests that satellite planes around host
galaxies should be common in the Universe. The orientation of this plane should be
preferentially polar, especially around host galaxies with quiet merger histories. The
dwarf satellite galaxies are interesting in their own right, especially as they originate
(in this picture) in a way which is quite different to other galaxies. The satellites are
not primordial, but are ‘top down’ forming structures, which grew out of perturbations
at the edge of this disk, either during the disk formation or shortly after. They can be
strongly dark matter dominated, and have internal properties quiet different to isolated
field galaxies.
To summarize, galaxy evolution is envisaged to proceed in two stages. In the first
stage, dark and baryonic disks formed and evolved. In the second stage the dark gas
component expanded to form an extended distribution due to heating from Type II SNe
once substantial star formation began. In this section we have qualitatively discussed
the early stage of evolution where dark and baryonic disks formed. The disk forming
nonlinear collapse process is not expected to be uniform, and perturbations leading
to small satellite galaxies could thereby have arisen. If this formation mechanism is
correct, then the satellite galaxies are anticipated to be co-rotating and orbit in the
8In the absence of a pressure force, a consistent picture for the Milky Way satellites might still arise
if the satellites originated as tidal dwarf galaxies formed during an ancient merger event [144, 145]. In
that scenario they can be still be dark matter dominated because they formed from material of the
merged dark and baryonic disks [58, 59].
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same plane as the dark disk, kinematic features consistent with observations of the
satellites around the Milky Way [11–14], Andromeda [15, 16] and Centaurus A [17, 18].
Moreover, the planar distribution of satellite galaxies with respect to the baryonic disk
can be preferentially polar, an orientation which appears to be necessary to explain the
observations.
6 Halo dynamics: Heating, cooling, and analytic
considerations
6.1 Some preliminaries
In the previous section the first stage of galaxy evolution was discussed, where dark and
baryonic disks formed and evolved. In the second stage of galaxy evolution, the dark
gas component of the dark disk is assumed to be heated by ordinary Type II SNe to
form a roughly spherical distribution. The evolution of such a system is quite complex,
with the dark matter gas component governed by fluid equations, influenced by both
heating and cooling processes. In general, one would expect three possible outcomes of
this evolution:
(i) There is insufficient heating of the halo, so that a long lived spherical halo does not
arise. In such a situation the dark matter would presumably evolve into compact dark
stellar mass objects (dark stars).
(ii) There is excessive heating of the halo, so much so that runaway expansion occurs.
This would leave the galaxy largely devoid of dark matter.
(iii) The halo evolves into a long lived steady state configuration. In such a configu-
ration, heating and cooling rates locally balance and the dark plasma is in hydrostatic
equilibrium.
Halo evolution to the steady state configuration (iii), it turns out, leads to various
scaling relations which closely resemble empirical observations (see [56] and references
therein). This result has lead to the conjecture that the dark halo around (typical) disk
galaxies is in a steady state configuration. Even if the halo around most disk galaxies is
currently in a steady state configuration, all three types of systems listed above should
exist in the Universe, and specific candidate examples will be discussed.
For a steady state solution to arise from this dynamics appears at first sight to
be quite nontrivial. To describe the qualitative picture evisaged, consider the heating
and cooling rates suitably averaged over the halo, 〈H〉, 〈C〉. The idea is that a roughly
spherical halo is formed after the onset of star formation, due to SN sourced halo heating,
with 〈H〉 ≫ 〈C〉 initially. Once the halo is heated to the point where it is roughly
spherical, further expansion would be expected to reduce the cooling rate 〈C〉. This is
expected because of the dependence of C on the halo density, ρ, which reduces as the halo
expands [C ∝ ρ2, given that radiative cooling results from two body collisional processes].
One might imagine that runaway expansion is the inevitable outcome. However, as the
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halo expands the heating rate is also modified. The expanding halo will result in a more
diffuse baryonic distribution in the weakening gravity, which can lead to a reducing star
formation rate. Thus, it is possible for 〈H〉 − 〈C〉 to decrease in an expanding halo.
That is, a spherical halo with 〈H〉 > 〈C〉 can expand, but can evolve dynamically to a
point where 〈H〉 = 〈C〉. In such a situation, one expects the system to relax into a true
steady state configuration where the local heating and cooling rates balance, H = C.
The above picture was developed within the framework of the mirror model, i.e.
the minimal Nsec = 1 case. The models with Nsec > 1 have important differences.
Indeed, for Nsec > 1, the halo is composed of several fluids weakly coupled to each other
via gravity, but strongly coupled to baryons via the SN sourced heating. It is quite
unclear whether such a multifluid halo could reach a steady state configuration which
is dynamically stable. In particular, it seems much more nontrivial than the Nsec = 1
model. In the remainder of this paper, though, we shall study the steady state solution,
and leave open the important question as to whether such a solution is dynamically
stable.
6.2 The fluid equations
The dark halo gas component is governed by fluid equations, and if dark magnetic fields
can be neglected, then these equations take the form:
∂ρ
∂t
+∇ · (ρv) = 0 ,
∂v
∂t
+ (v · ∇)v = −
(
∇φ+ ∇P
ρ
)
,
∂
∂t
[
ρ
(
v2
2
+ E
)]
+∇ ·
[
ρ
(
v2
2
+
P
ρ
+ E
)
v
]
− ρv · ∇φ = H− C . (25)
Here P , ρ and v, denote the pressure, mass density and velocity of the fluid, and φ is
the gravitational potential. E is the internal energy per unit mass of the fluid, so that
ρ (v2/2 + E) is the energy per unit volume. Finally, H and C are the local heating and
cooling rates per unit volume.
In general, the system is a complicated one, as the dark matter is coupled to the
baryons via SN sourced heating, and the baryons are coupled to the dark matter via
gravity. If the system is able to evolve to a steady state configuration (which, as men-
tioned earlier, is far from certain in the Nsec > 1 case), then significant simplifications
arise. Assuming there is no steady state velocity flow, the system is governed by just
two time-independent equations, Eq.(5). These equations have been numerically solved
for the mirror dark matter case in [55, 56], and we aim to extend this work here by
considering the case with Nsec dark SM sectors. To solve these equations we will first
need to model the local heating and cooling rates. Since many details are similar to the
mirror dark matter case, in the ensuing discussion we mainly focus on the details which
depend on the number of dark sectors, Nsec.
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6.3 Heating
In galaxies with active star formation, including spirals and gas rich dwarf irregular
galaxies, type II supernovae can provide the primary halo heat source [50]. Type II su-
pernovae are important because the core temperature is high enough for the production
of dark sector electrons and positrons, and these particles can be copiously produced if
the kinetic mixing interaction exists. In fact, for ǫ ∼ 10−9 the amount of energy trans-
ferred to dark sector particles in an ordinary SN can compete with the energy carried
away by the neutrinos.
The amount of energy transferred to dark sector particles from Type II supernovae
can be estimated from [104, 105]. The effect of kinetic mixing is to embellish the dark
sector charged particles with a tiny electric charge, so that the ith sector dark electrons
have electric charge −ǫe. Dark electrons and positrons are the only dark sector charged
particles that can be produced in a SN given the typical core collapse temperature of
TSN ∼ 30 MeV. According to [104, 105], the dominant production mechanism is via
plasmon decay, γ∗ → e¯iei, and the energy loss rate for each sector is estimated to be:9
QP =
8ζ3
9π3
ǫ2α2
(
µ2e +
π2T 2SN
3
)
T 3SNQ1 (26)
where ζ3 ≃ 1.202 is the Riemann zeta function, Q1 is a factor of order unity and µe is
the electron chemical potential.
Putting in typical SN parameters, the amount of energy transferred to dark sector
particles in the core of a Type II supernova is estimated to be:
LdarkSN ≈ Nsec
( ǫ
10−10
)2
1051 erg . (27)
This calculation is valid provided that LdarkSN . 10
53 erg, so that the cooling time of
the SN core is not greatly affected, consistent with the observations of around a dozen
neutrino events associated with SN1987A [151,152]. The requirement that LdarkSN . 10
53
erg, yields
Nsec(ǫ/10
−10)2 . 102 . (28)
For Nsec = 1 this constraint gives the well-known SN bound of ǫ . 10
−9 [105].
The kinetic mixing induced processes in the Type II SN core generate an expanding
energetic plasma, initially comprising mainly the light dark sector particles, ei, e¯i, γi,
with total energy of at least 1051 erg for the kinetic mixing strength range considered.
By analogy with the fireball model of Gamma Ray Bursts [107–111], it is expected
that the dark plasma evolves into a relativistic fireball and sweeps up the nearby dark
baryons as it propagates away from the SN. The energy of the fireball is anticipated
to be transferred to the dark baryons. This flow eventually decelerates, and part of
9 There are additional contributions to e¯iei production from nucleon-nucleon bremsstrahlung, po-
tentially comparable to the plasmon decay process [153], but are uncertain due to nonperturbative
effects. If these processes are important then the rate, Eq.(26), can be enhanced, and in any case, their
possible significance increases the uncertainty in the estimate, Eq.(27).
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this kinetic energy is converted back into thermal energy which can radiatively cool
producing dark radiation. The end result is that the energy sourced from ordinary
Type II SNe is transmitted to the halo in two distinct ways: via dark photons and also
via the heating of dark baryons in the SN vicinity.
In the fireball model many details, including the proportion of energy transferred
into radiation versus local heating of the swept up baryons, remains uncertain. In this
paper we follow [56] and assume that the local heating of the dark baryons in the SN
vicinity dominates the halo heating. With this assumption, the (average) halo heating
rate per galaxy is given by:
κ = RSNL
dark
SN (29)
where RSN is the rate of Type II SNe in the galaxy under consideration. Using Eq.(27),
we then have:
κ ≈ Nsec
( ǫ
10−10
)2 [ RSN
0.1 yr−1
]
3× 1042 erg/s . (30)
If the dark sector consists of Nsec copies of the Standard Model, then the symmetric
kinetic mixing interaction, Eq.(7), indicates that each copy would receive the same
energy, so that
κ1 = κ2 = ... = κNsec = κ/Nsec . (31)
These equations give the rate of SN sourced heating per galaxy. To proceed, we need
to model how this heating is distributed within the galaxy, since the primary item of
interest for the fluid equations is the local halo heating, H.
As in earlier work, we consider idealized spherically symmetric galaxies. That is, for
a given disk galaxy we construct a spherically symmetric analogue system where both
the baryons and dark matter have spherically symmetric distributions. A spherically
symmetric baryon stellar distribution can be obtained by requiring
∫
ρdV =
∫
ΣdA
which implies ρ = Σ/2r, where Σ is the stellar disk surface density. Taking the Freeman
surface density: Σ = e−r/rD/(2πr2D), which is known to be a reasonable description for
the star forming region of many spirals and dwarfs [154], we have:
ρ∗baryon(r) = m∗
e−r/rD
4πr2Dr
. (32)
Here, m∗ is the stellar mass parameterized in terms of a stellar mass fraction: m∗ =
fsmbaryon. In addition to stars, there is also a baryonic gas component, which we model
with a spatially more extended distribution of the form Eq.(32), but with rgasD = 3rD
and total mass mgas = (1 − fs)mbaryon cf. [35]. Taking Hi ∝ ρ∗baryon, and normalizing
the distribution so that
∫ HidV = κi gives
Hi = κie
−r/rD
4πr2Dr
. (33)
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This is the SN sourced halo heating component, which is the primary halo heat source.
In addition, one can have secondary heating from halo re-absorption of cooling radiation,
and conduction/convection processes can also, in general, contribute to the local heating.
For the purposes of this paper, we shall only consider generic spherical galaxies
with the exponential distribution, Eq.(33). Nevertheless, we digress here to mention
that for a specific galaxy, a better representation for Hi would be given in terms of
the luminosity density of the UV sources, LUV, as these should more accurately map
the distribution of large stars that are the progenitors of Type II SNe. Since we are
considering idealized spherically symmetric systems, which are supposed to represent
actual galaxies at some level, the luminosity density of UV sources could be modelled
from the UV surface brightness of the disk via: LUV = ΣUV/2r. In this case, the SN
sourced halo heating component takes the form:
Hi = κiΣUV
2rLUV
(34)
where LUV =
∫ LUVdV = ∫ ΣUVdA is the galaxy’s UV luminosity. Furthermore, the
rate of Type II SN is expected to be proportional to the UV luminosity of a galaxy,
so that κi/LUV is anticipated to be a galaxy-independent constant. Note that the UV
surface brightness can be directly measured, e.g. [155,156], so that in principle, Eq.(34),
provides a fairly constrained description of the SN heat sources.
6.4 Cooling
The radiative cooling processes, bremsstrahlung, line emission, and dark electron cap-
ture, each involve two particle collisions and thus have a cooling rate proportional to
the density squared: Ci = Λρ2i . If each of the dark sector components satisfies the
steady state condition, Eq.(5), then Hi = Ci. Since each sector is heated the same
[Eq.(31)], and each sector has identical particle properties, we expect the density of
each component to be equal:
ρ1 = ρ2 = .... = ρNsec = ρ/Nsec (35)
where ρ =
∑
ρi is the total dark sector mass density. The radiative cooling rate in each
sector therefore takes the form:
Ci = Λρ2/N2sec (36)
and the total radiative cooling rate is C = NsecCi, i.e.
C = Λρ2/Nsec . (37)
The cooling rate rapidly goes down as we consider models with a larger number of
isomorphic sectors, Nsec ≫ 1. In general, Λ depends on the chemical composition,
ionization state and temperature. The ionization state can be determined in the steady
state limit by balancing dark electron capture with the ionization processes, and in the
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Figure 7: Optically thin cooling function, Λ [erg/cm3/s][(kpc6/m2⊙], defined in Eq.(36),
computed for the generalized mirror dark matter model. The chemical composition of each of
the Nsec dark sectors is assumed identical, with log[nHe′/nH′ ] = 0.68, and a dark metal mass
fraction, fmetal = 0 (solid line), fmetal = 0.02 (dashed line). See text for further details.
low density optically thin limit, the ionization state depends on temperature only. The
technical details, including the cross sections used, are given in [55].
Consider now the chemical composition. Dark helium is synthesized in the early Uni-
verse, much like ordinary helium, but with one major difference: Dark helium synthesis
occurs significantly earlier given that Ti < T . In fact as ǫ→ 0, the freeze-out tempera-
ture of n′ ↔ p′ weak interactions becomes much greater than the neutron-proton mass
difference, so that np′ ≃ nn′ results. That is, in this ǫ → 0 limit the primordial helium
mass fraction, Y ′p ≡ ρHe′/(ρH′ + ρHe′) → 1. Of course, the kinetic mixing parameter of
interest is not zero, and it is found that for ǫ ∼ 2 × 10−10 the primordial dark helium
mass fraction is around 0.95 [64, 126]. Those calculations were done in the Nsec = 1
model, but since Eq.(4) is valid for each sector for Nsec ≥ 1 [Eq.(11)], this result also
follows for each sector in the general case.
A dark metal component might also exist, generated in dark stars at an early
epoch. Naturally, this metal component is uncertain both in composition and over-
all abundance. In each sector, we consider a metal component consisting of elements
C′, O′, Ne′, Si′, Fe′, with relative proportion: nA′/nH′ = nA/nH (solar abundance).
The overall abundance can be parameterized by introducing the dark metal mass frac-
tion: fmetal = (ρ− ρH′ − ρHe′)/ρ. [Here ρH′ , ρHe′ are the mass density of all dark sector
H′ and He′ components.] Having defined the chemical composition, the cooling function
can now be computed using the code developed in [55]. The results are shown in Figure
7 for fmetal = 0 and fmetal = 0.02.
In the absence of heat sources the dark plasma would cool. The cooling time scale
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for a dark plasma of mass density ρ and temperature T is estimated to be:
tcool ∼ 3
∑
nAT/2
C =
3TNsec
2m¯Λρ
(38)
where m¯ is the mean mass parameter:
m¯ ≡ ρ∑
nA
=
∑
nAmA∑
nA
. (39)
Here, the sum runs over all matter particles in each sector, the dark ions and free
dark electrons. For a fully ionized dark sector plasma, with a dark helium dominated
composition (Y ′p = 0.95), we have m¯ ≃ 1.16 GeV. Considering typical parameters for
the halo of a Milky Way scale galaxy yields:
tcool ∼ Nsec
(
T
0.5 keV
)(
0.3 GeV/cm3
ρ
)(
10−38.5 [erg/cm3/s][kpc6/m2⊙]
Λ
)
50 Myr .
(40)
Observe that tcool ∝ Nsec, and can extend to several hundred million years for the
Nsec = 5 case. In principle, the halo heating would need to be averaged over this time
scale, so any ‘graininess’ effects arising from the discrete nature of SN, in both time and
space, is not expected to be important.
6.5 Analytic halo density
If the halo is optically thin, and if the SN sourced heating component dominates the
halo heating, then a useful analytic estimate for the dark halo mass density arises by
matching this heat component [Eq.(33)] with the cooling rate [Eq.(36)]. That is, the
steady state condition H = C can be solved to give the halo density:
ρ(r) =
√
Nsecκ√
4πΛ r
3/2
D
e−r/2rD√
r/rD
(41)
where κ ≡∑i κi. This equation generalizes the result obtained for mirror dark matter
(Nsec = 1) given in [56]. For an isothermal halo, Λ is approximately a spatial constant.
The halo rotation curve which results from the analytic density profile, Eq.(41), with
spatially constant Λ, follows from Newton’s law and is given by
v2halo =
GN
y
√
4πNsecκrD
Λ
{
3
√
2π erf(
√
y/2)− 2e−y/2√y(y + 3)
}
(42)
where y ≡ r/rD. The halo rotation curve has a maximum, which arises at r ≃ 5.21rD,
and is given by:
[vmaxhalo ]
2 ≃ 3.12 GN
√
NsecκrD
Λ
. (43)
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Figure 8: Preferred regions in the Nsec, ǫ plane. The shaded region is the kinetic mixing
estimated from the velocity function discussed in Sec. 4.3, while the hatched region is the
region derived from galaxy halo dynamics [Eq.(45)]. The halo dynamics estimate depends on
the dark metal mass fraction for spirals, and (a) is for fmetal = 0, while (b) is for fmetal = 0.02.
Also, the density [Eq.(41)] can be integrated to obtain the halo mass, which is finite,
and using Eq.(43) simplifies to Eq.(18), given earlier.
For a Milky Way scale galaxy, an estimate of κ can be obtained from Eq.(43). Setting
vmaxhalo = 200 km/s and rD = 4.6 kpc, we have:
κMWNsec = 1.8× 1044
(
Λ
10−38.5 [erg/cm3/s] [kpc6/m2⊙]
)
erg/s . (44)
The halo temperature is not expected to be sensitive to Nsec, and estimates from earlier
work with Nsec = 1 imply that 〈T 〉 ≈ 106.5 K for a Milky Way scale galaxy halo
[56]. From Figure 7 we see that Λ ≈ 10−38.5 [erg/cm3/s] [kpc6/m2⊙] (Λ ≈ 1.310−38
[erg/cm3/s] [kpc6/m2⊙]) for fmetal = 0 (fmetal = 0.02).
We now have two equations for the halo heating rate, κ. One relates κ to the kinetic
mixing parameter, Eq.(30), the other estimates the κ value required for galaxies to have
evolved with realistic rotational velocity, Eq.(44). Comparison of these two equations,
setting RSN = 0.1 yr
−1 for a Milky Way scale galaxy, provides an estimate for ǫ of:
ǫ =
{
8× 10−10/Nsec for fmetal = 0 ,
1.6× 10−9/Nsec for fmetal = 0.02 .
(45)
Of course, there are various uncertainties, so one must keep in mind that this is only
a rough estimate. These uncertainties arise from various sources, including in the SN
estimate, Eq.(27), and also the SN rate. There are also uncertainties in some of the
modelling assumptions, notably the use of spherically symmetry and neglect of dark
magnetic fields. We have also implicitly assumed that the contribution of the halo
rotational velocity due to dark stars is negligible relative to the dark fluid (plasma)
component. [If there were a significant dark stellar component, this would lower the
plasma density, and lead to a lower ǫ estimate in Eq.(45).] It is unclear how to quantify
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these uncertainties, so for illustration, we consider ǫ values within a factor of two [i.e.
δ log ǫ = ± log(2)]. In Figure 8 we compare this band of values centered around Eq.(45),
with the preferred region of kinetic mixing values given earlier in Figure 5 obtained from
quite different considerations. Figure 8 suggests that a self consistent picture is possible
for all values of Nsec considered if the dark metal mass fraction is low, while if it is
significant, then Nsec > 1 might be needed.
7 Halo dynamics with five SM copies
7.1 Steady state solutions
Dissipative halos around sufficiently isolated and unperturbed galaxies can, in principle,
evolve towards the steady state configuration, where the local heating and cooling rates
balance and the halo is in hydrostatic equilibrium. As discussed, this evolutionary
outcome may not always arise, but the assumption of a dark halo in the steady state
configuration appears to be consistent with the properties of most of the observed disk
galaxies with active star formation. Here, we shall proceed to numerically solve the
steady state conditions for the Nsec = 5 case, and thereby obtain the physical properties
of the halo, including the dark matter density profile. As in previous work, we consider
an idealized spherically symmetric system and do not consider the possible effects of
dark magnetic fields.
The steady state conditions, Eq.(5), can be solved by the same method used in [55,56]
for the Nsec = 1 case. One considers a test density function, calculates the temperature
profile from the hydrostatic equilibrium condition, and then computes the local heating
and cooling rates, taking into account halo reabsorption of cooling radiation, as the halo
is not always optically thin at all wavelengths. The ionization state is also evaluated at
each location in the halo by balancing dark electron capture with ionization processes.
This procedure must be iterated a number of times due to the interdependence of these
quantities. This whole process is repeated, modifying the input test density function,
until the resulting local heating and cooling rates match. The end result is a density
and temperature profile for which the steady state conditions are satisfied.
In practice, a suitably chosen test density function with a finite number of parameters
is considered. These parameters are varied, and for each parameter choice, H(r), C(r),
T (r) and the ionization state are computed following the above iterative procedure. To
determine how well the heating and cooling rates match, we evaluate the functional:
∆ ≡ 1
R2 −R1
∫ R2
R1
|H(r′)− C(r′)|
H(r′) + C(r′) dr
′ (46)
and we take R1 = 0.15rD, R2 = 6.4rD in the numerical analysis. The value of the
parameters defining the density which minimize ∆ describe the steady state density
solution. This is, of course, approximate, and could only give a reliable solution if the
minimum of ∆ is sufficiently small. The obvious choice for the test density function is
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motivated by the analytic density formula, Eq.(41):
ρ(r) = λ
e−r/2rD√
r/rD
. (47)
To be a completely general function, we allow for a spatially dependent λ:
λ→ λ
[
1 +
N∑
n=1
an
(
r
rD
)n
+ bn
(rD
r
)n]
. (48)
For the examples considered in this paper, only the first few terms, N = 2, are needed
to achieve a reasonable minimum: ∆min . 0.02.
In addition to the baryonic parameters, the dynamics depends on two additional
parameters: the SN halo heating rate, κ (discussed in Sec. 6.3) and the dark metal
mass fraction of the halo, fmetal. Naturally, these quantities will depend on the galaxy
under consideration. As in previous work, we shall assume that κ scales with the SFR,
so that
κ ≈ κMW LFUV
LMWFUV
= κMW
10−0.4MFUV
10−0.4M
MW
FUV
(49)
where MMWFUV ≈ −18.4 is the FUV absolute magnitude for a Milky Way scale galaxy.
With the scaling, Eq.(49), and assuming fmetal = 0, ref. [56] found that a Tully Fisher
type relation for the normalization of the halo rotational velocity results. This scaling
was broadly compatible with the sample of galaxies considered (from THINGS [27]
and LITTLE THINGS [28] data), however there was some tension between the dwarfs
and the spirals. The dwarfs preferred a larger value of κMW than the κMW set by
the normalization of the spirals. Another aspect of this tension is that the Tully Fisher
relation that results is one involving luminosity rather than baryon mass. This is largely
a consequence of Eq.(49). While observations are consistent with a Tully Fisher relation
involving luminosity for spirals, e.g. [36,157], the relationship breaks down when dwarfs
are included, e.g. [37]. The existence of a hard break in the Tully Fisher luminosity
relation suggests that the dwarfs are characteristically different to that of spirals in a
way that impacts the heating or cooling rates.
One possible resolution to this conundrum is that spirals and dwarfs have a different
halo dark sector metal content. It is known that the dwarfs have a much lower baryonic
metal mass fraction than the spirals, and in general, the baryonic metallicity is observed
to sharply decrease for smaller galaxies. If such a situation were to arise also for the
dark sector metal content then the resultant discontinuity in cooling would lead to a
discontinuity in halo density ρ, so that the cooling rate can continue to match the
heating rate. Of course, this may not be the only possible solution, and there may be
more than one factor at play, nevertheless we shall focus on this particular direction as
it appears to provide a simple consistent picture.
To be specific, we consider the Nsec = 5 model where the metal component of the
dwarfs is negligible, fmetal = 0, while that of the spirals is nonzero. With fmetal = 0,
previous work with Nsec = 1 [56] found that κMW → 100.82 × 1044 erg/s was needed
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Figure 9: Asymptotic rotational velocity, vrot(r = 6.4rD) (solid line) and maximum halo
velocity, vmaxhalo (dashed line) derived from the steady state solutions for a Milky Way scale
galaxy (mbaryon = 10
11 m⊙, MFUV = −18.4, rD = 4.63 kpc) with the dark metal mass
fraction, fmetal, varied. The halo heating rate parameter was set to κMW = 2.5 × 1044 erg/s.
mbaryon(m⊙) rD (kpc) MFUV fs fmetal
(i) 1011 4.63 -18.4 0.8 0.02
(ii) 1010.5 2.98 -17.9 0.8 0.02
(iii) 1010 1.91 -17.4 0.8 0.02
(iv) 5108 0.60 -14.6 0.2 0
(v) 108 0.50 -13.5 0.2 0
Table 1: Baryonic properties: baryon mass, baryonic scale length, FUV absolute magnitude,
stellar mass fraction, and dark metal mass fraction for the canonical model galaxies considered.
to give realistic asymptotic halo velocity for the dwarfs. As discussed in Sec. 6.4,
the cooling rate goes down rapidly for increasing Nsec > 1. Indeed, if the SN sourced
heating is to match cooling, then Eq.(37) suggests a value of κMW ≈ 2 × 1044.8/Nsec
erg/s, which for Nsec = 5 gives κMW ≈ 2.5 × 1044 erg/s. With this value of κMW we
have computed steady state solutions for a Milky Way scale galaxy for a variety of fmetal
values. The circular rotational velocity can be determined from the halo density profile
arising in this numerical solution. In Figure 9 we show the maximum halo rotational
velocity, together with the asymptotic rotational velocity. The latter quantity includes
the baryon contribution, and is defined as vrot(r = 6.4rD). This figure indicates that
for κMW = 2.5× 1044 erg/s, a metal mass fraction of fmetal ≈ 0.02− 0.06 is required to
give a realistic asymptotic halo rotational velocity for a Milky Way scale galaxy.
Adopting a lower value in this range, fmetal = 0.02, we calculated steady state solu-
tions for a variety of model galaxies, with baryonic masses typical of spiral and dwarf
irregular galaxies. The baryonic scale length values considered are consistent with the
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Figure 10: Properties of the steady state solutions computed for the set of model galaxies
considered. The baryon mass ranges from 108 m⊙ to 10
11 m⊙, see Table 1 for the other
baryonic parameters chosen. Shown are (a) the halo density, (b) the halo temperature, (c)
mean mass parameter, m¯, and (d) the heating, cooling rates [H, C] (solid, dashed line). In
Figs. (a),(b),(c) the dwarfs are distinguished with dashed-dotted lines.
stellar disk values from the empirical scaling relation, Eq.(21). The Far Ultraviolet
(FUV) magnitudes were taken consistent with GALEX measurements [155]. The bary-
onic properties adopted for the modelled galaxies are summarized in Table 1.
The ∆min values for the solutions, (i),(iii),(iv),(v) were low, ∆min . 0.02, while that
of (ii) was ∆min ≈ 0.04. Although still reasonable, the ∆min values for the modelled
spirals are a little higher than for the Nsec = 1, fmetal = 0 case studied in [56]. The
difference is likely due to the abrupt changes in shape of the cooling function, as illus-
trated already in Figure 7. Indeed, for the model galaxy (ii), with mbaryon = 10
10.5 m⊙,
the average halo temperature is around 〈T 〉 ≈ 0.2 keV, i.e. 2× 106 K, which, as Figure
7 indicates, corresponds to a particularly steep section of the cooling function. This
rough terrain will make the density a little more sensitive to the modest variations in
the halo temperature, and a bit less smooth.
In Figure 10, we give the halo density, temperature, mean mass, and local heating
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mbaryon(m⊙) rD (kpc) r0/rD ρ0[10
7m⊙/kpc
3] log(ρ0r0 [m⊙/pc
2])
(i) 1011 4.63 1.71 6.69 2.72
(ii) 1010.5 2.98 1.25 16.1 2.78
(iii) 1010 1.91 1.44 9.33 2.41
(iv) 5108 0.60 1.56 27.7 2.41
(v) 108 0.50 1.70 10.6 1.95
Table 2: Fit of the steady state density solutions for the canonical galaxies of Table 1 in terms
of the Burkert profile [Eq.(50)].
and cooling rates obtained from the numerical steady state solutions. The density closely
resembles the phenomenological cored profiles extensively discussed in the literature,
including the pseudo isothermal profile [158], and the Burkert profile [159]:
ρ(r) =
{
ρ0r20
r2+r2
0
Pseudo Isothermal ,
ρ0r30
(r+r0)(r2+r20)
Burkert .
(50)
These profiles depend on two parameters, the central density (ρ0) and core radius (r0).
Of these two profiles, the Burkert profile provides a marginally better approximation to
the computed density. A fit of the numerical steady state solution, shown in Fig.10a,
indicates that the fitted ρ0, r0 parameters are consistent with the empirical scaling re-
lations [40,41,160]: r0 ∝ rD and constant halo surface density: ρ0r0 is a constant. [The
fitted parameters are given in Table 2.] However, the r0/rD value is around a factor of
two below the measured value, which might possibly be an artifact of the spherically
symmetric modelling. Quite similar results were obtained for the Nsec = 1, fmetal = 0
case given in [56].
The halo temperature profiles are not far from isothermal with some softening in the
inner and outer regions of the halo. The mean halo temperature scales with rotational
velocity: 〈T 〉 ∝ m¯v2rot, and the halo is hot enough so that it has a high degree of
ionization. This means that the mean mass parameter [Eq.(39)], which is a measure of
the ionization state of the plasma, is approximately constant: m¯ ≃ 1.16 GeV, except
for the smallest galaxy considered which has a significant proportion of He II.
7.2 Rotation curves
Historically, the measured flat rotation curves out to the observational edge of spiral
galaxies provided the first clear indication that galaxies were surrounded by a halo
of dark matter [23–26] (see also [161] for a review and more extensive bibliography).
Since those pioneering studies, rotation curve measurements have continued to supply
remarkable information on the dark halo properties, and on the nature of dark matter
itself. As mentioned in the introduction, these measurements indicate that the structure
of the dark halo appears to be dictated by the baryonic properties of the galaxy. From
the previous discussion and earlier work, dissipative dark matter has the potential to
address this issue as the halo density is strongly influenced by the SN sourced heating.
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Figure 11: (a) The rotation curves (halo + baryons) [solid line] derived from the computed
steady state solutions for the canonical baryonic parameters of Table 1 . (b) The corresponding
halo rotation curves (halo contribution only). The dotted line shows the rotation curve that
results from the Burkert profile [Eq.(50)] with parameters adjusted to approximate the steady
state density solution. The dashed-dotted line shows the rotation curve that results from the
analytic density profile, Eq.(41), with spatially constant coefficient.
In Figure 11 we show the rotation curves derived from Newton’s law using the
steady state density for each of the modelled galaxies. The halo rotation curves feature
an approximate linear rise in the inner region (r . rD), which transitions to a roughly
flat curve for the observable region of interest. The transition radius scales with the
baryonic scale length, rD. As in the Nsec = 1, fmetal = 0 case studied in [56], the analytic
density profile, Eq.(41), with spatially constant coefficient (equivalent to Eq.(47) with
spatially constant λ) is a reasonable first order approximation, and can be used to
understand the origin of these features in this framework.
These rotation curves have an approximately universal shape, which we demonstrate
in Figure 12 by considering the normalized halo rotational velocity: vhalo(r)/vhalo(ropt)
(with ropt = 3.2rD is the so-called optical radius). In Figure 12b results for a wide
variety of baryonic parameters are considered: In addition to the canonical parameters
we consider the variations: MFUV =MFUV±0.6 and rD → 2rD. This provides a sample
of 20 modelled galaxies covering a wide range of parameters. Figure 12 indicates that
the normalized rotation curves associated with the steady state solutions are remarkably
similar to each other when plotted in terms of the dimensionless variable r/rD. These
curves are also similar to the corresponding results obtained for the Nsec = 1, fmetal = 0
case given in [56]. A universal curve rotation results from Eq.(42), obtained from the
analytic density formula, Eq.(41), so these numerical results are consistent with the
analytical considerations of Sec. 6.5.
To summarize, the rotation curves derived from the steady state solutions have a
universal character, determined (approximately) from the galaxy’s baryonic properties.
Furthermore, these curves are broadly consistent with observations; the mysterious
baryon - dark matter connection discussed in the literature, e.g. [39,41,44,45], appears
to be rather neatly explained by the SN sourced heating. The rotation curves are a
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Figure 12: (a) The normalized halo rotational velocity: vhalo(r)/vhalo(ropt) resulting from
the steady state solutions for canonical galaxies from Table 1: (i) [solid line], (iii) [dotted line]
and (v) [dashed dotted line]. The thick solid line is the analytic normalized halo rotational
curve resulting from Eq.(41). (b) The normalized halo rotation velocity resulting from the
steady state solutions for all five galaxies from Table 1, along with MFUV = MFUV ± 0.6,
rD → 2rD parameter variations. Triangles are the synthetic rotation curve derived from
dwarf galaxies [35].
reflection of the halo density, which, in this framework, is strongly influenced by the
baryons as Type II SN are the heat source shaping the dark halo.
Consider now the normalization of the rotational velocity. With the scaling: κ ∝
LFUV [Eq.(49)], we expect from the analytic result [Eq.(43)] that the maximum of the
halo rotational velocity for the modelled galaxies will approximately satisfy:
Λ ∝ rD LFUV
[vmaxhalo ]
4
. (51)
The cooling function depends on the halo temperature and metal mass fraction (Fig.7),
and the temperature scale is set by the rotational velocity (Fig.10b). To make contact
with observable quantities, it is convenient to consider:
∼
Λ ≡ rD 10
−0.4MFUV
[vmaxhalo ]
4
(52)
where MFUV is the (extinction corrected) far UV absolute magnitude. This is the same
quantity introduced in [56] in the context of the Nsec = 1 case. With the halo dark
sector metal mass fraction fixed in the considered model,
∼
Λ is expected to depend,
approximately, only on the asymptotic rotational velocity, given that it is, essentially,
a representation of the cooling function suitably averaged over the halo.
For each set of galaxy parameters considered,
∼
Λ can be determined from the com-
puted steady state solutions. In Figure 13, we give the results for
∼
Λ for the five
galaxies of Table 1, along with the luminosity and baryonic scale length variations:
MFUV →MFUV±0.6 and rD → 2rD. (These parameter variations are made while keep-
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Figure 13: log
∼
Λ≡ −4 log[vmaxhalo (km/s)] + log[rD(kpc)] − 0.4MFUV versus the asymptotic
rotational velocity computed from the steady state solutions found. Circles denote the baryonic
parameters of Table 1, triangles a rD → 2rD variation, and filled (unfilled) squares for a
MFUV → MFUV − 0.6 (MFUV → MFUV + 0.6) variation. The solid line is an extrapolation
of the computed solutions. Also shown are the log
∼
Λ values from THINGS spirals [27] and
LITTLE THINGS dwarfs [28].
ing the other baryonic parameters fixed.) Also shown in Figure 13 are the measured
∼
Λ
values from THINGS spirals [27] and a sample of LITTLE THINGS dwarfs [28].
In Figure 13 only the ‘classical’ dwarfs are shown, these are the ones where the
rotation curve has an approximately classical shape. This comprises roughly 2/3 of the
LITTLE THINGS sample, the remaining 1/3 are irregularly shaped. The diversity of
rotation curves suggests that many of the dwarfs are not in a steady state configuration;
they are being perturbed in some way, or their star formation rate is unstable relative
to the cooling time scale, tcool [Eq.(38)]. Dwarf galaxies in a starburst phase can have
dark halos deviating substantially from the steady state configuration, i.e. dark halos
undergoing large scale radial expansion and contraction that is in phase and, possibly,
driving the oscillating star formation rate. The three dwarfs with the highest
∼
Λ val-
ues shown in Figure 13 (DDO50, NGC2366, NGC1569) are all known to be starburst
galaxies [162], and their relatively high
∼
Λ values can thereby be accounted for. Some
of the LITTLE THINGS dwarfs appear to have a collapsed halo, that is, the halo is no
longer dissipative but in the form of dark stars; this would result in a much lower value
of
∼
Λ. The two dwarfs with the lowest values of
∼
Λ in Figure 13, DDO101, NGC3738, are
candidates for such objects.
In this dynamics, the
∼
Λ −vasymrot relation emerges as the fundamental relation govern-
ing the normalization of the rotational velocity. The empirical Tully Fisher relation [36]
and baryonic Tully Fisher relation [37] can be viewed as approximate relations stemming
from this fundamental relation along with (rough) purely baryonic relation between lu-
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Figure 14: (a) LFUV/LMWFUV and (b) mbaryon versus the asymptotic rotational velocity com-
puted from the steady state solutions found. Circles are the results for the canonical galaxy
set of Table 1, triangles for a rD → 2rD parameter variation, and filled (unfilled) squares for a
MFUV →MFUV − 0.6 (MFUV →MFUV +0.6) variation. The dashed lines are the power laws:
LFUV ∝ [vasymrot ]2.0 and mbaryon ∝ [vasymrot ]3.5.
minosity, baryon mass and disk scale length. These Tully Fisher relations are considered
in Figure 14. Figure 14b indicates that there is an approximately linear mass relation
logmbaryon ∝ 3.5 log vrot, which is roughly consistent with the empirical baryonic Tully
Fisher relation [37,38]. Having distinct fmetal values for the modelled spirals and dwarfs
plays an important role here. If instead we had set fmetal = 0 for both dwarfs and spi-
rals, then the Tully Fisher luminosity relation would be approximately linear, while the
Tully Fisher mass relation would have a break between the modelled dwarfs and spirals,
cf. [56]; behaviour at odds with observations of actual galaxies. The assumption of a
different metal mass fraction for the dwarfs and spirals rectifies the situation, although,
of course, there may be other ways to achieve this.
As briefly discussed in Sec. 6.1, the stability of the steady state solution is an im-
portant but quite nontrivial issue. It involves the feedback of expanding or contacting
halos on the star formation rate, the change in cooling due to the change in cooling func-
tion, ∂Λ/∂T , and the change in cooling due to the changing density. Some qualitative
discussion was given in [56], and as pointed out there, the negative slope ∂Λ/∂T < 0
may play an important role in stabilizing the steady state solution. Indeed, as with
the Nsec = 1 case, the halo 〈T 〉 range of interest for galaxies with active star formation
roughly matches the temperature region where ∂Λ/∂T < 0. In this context, having
fmetal 6= 0 might be important as the metal content can significantly steepen the cooling
function gradient [Figure 7], and thereby help stabilize the solution.
8 Direct detection experiments
Before concluding this study, let us digress here to make a few remarks concerning the
implications for direct detection experiments. Indeed, kinetic mixing near ǫ ∼ 10−9
was identified quite some time ago [163,164] by the positive DAMA annual modulation
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signal [165–167], and provided some inspiration to think seriously about the implications
of kinetic mixing of this magnitude for halo dynamics. The DAMA signal is yet to be
confirmed by other experiments, but nevertheless constitutes impressive evidence for
the direct detection of dark matter.
The entire region of interest given in Figure 8 can be probed via direct detection
experiments. The dark nuclei can elastically scatter off target nuclei, leading to nuclear
recoils - the classic direct detection signal favoured in experiments. Dark hydrogen and
dark helium are light compared to the typical target nuclei used, and generate sub-keV
nuclear recoils, below the threshold of most current direct detection experiments. The
CRESST-III experiment [168], with a threshold below 0.1 keV, is an important excep-
tion, and should be able to provide a sensitive probe of the dark helium component. If
there is a heavy dark metal component then ER & 1 keV nuclear recoils are anticipated,
potentially more widely observable in experiments. The dark nuclei - nuclei cross section
is proportional to ǫ2fmetal, and for fmetal = 0.02 Figure 8 indicates a coupling strength
of order ǫ
√
fmetal ∼ 10−11. This coupling is too small for nuclear recoils to account for
the DAMA annual modulation signal, but the large scale xenon experiments, including
XENON1T [169], LUX [170], and PandaX [171] can probe this parameter space [172].
Another important direct detection search channel is via electron scattering. The
halo temperature for the Milky Way is 〈T 〉 ∼ m¯v2rot ∼ 0.5 keV, so halo dark electrons
can scatter off losely bound target electrons to produce keV recoils [173]. While most
experiments discriminate against electron recoils, DAMA and a few others, most notably
XENON100, XENON1T are sensitive to this interaction channel. In fact, electron recoils
might be able to explain the impressive DAMA annual modulation signal, despite the
constraints reported by XENON100 [174, 175] and XENON1T [169]. This possibility
arises due to nontrivial plasma effects enhancing the modulation rate, to be discussed in
a moment. Very recently, DAMA have presented new results for the period 2011-2017
with energy threshold of 1 keV [176]. The annual modulation amplitude appears to
be sharply rising towards low recoil energies, broadly compatible with the expectations
from T ∼ 0.5 keV electron recoils, smeared by the large DAMA energy resolution.
This kind of plasma dark matter has a number of nontrivial features. Halo dark
matter will inevitably be captured by the Earth where it can accumulate [177]. The
captured dark matter provides an obstacle to the halo wind, and can strongly modify
halo dark matter properties (density and temperature) in the vicinity of the Earth.
The effects of this ‘dark sphere of influence’ can be modelled with MHD equations, and
the implications for direct detection experiments studied [178]. The main conclusion is
that the annual modulation signal can be greatly enhanced, even an almost maximal
annual modulation is possible. In addition, large diurnal variation is also expected.
While these effects can help reconcile the positive DAMA annual modulation signal
with the negative results reported by XENON100 and XENON1T, accurate predictions
are difficult due to the complexity of the problem. It is also possible that the dark
sphere of influence effectively suppresses direct detection signals by shielding the Earth
from halo dark matter, so the dissipative model discussed here cannot be definitively
excluded by direct detection experiments, although it can be confirmed.
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9 Discussion and Conclusion
Dissipative dark matter arising from a hidden sector which consists of Nsec exact copies
of the Standard Model has been examined. The particles from each sector interact with
those from the other sectors by gravity and via the kinetic mixing interaction, described
by the dimensionless parameter, ǫ. It has been known for a long time that models of this
kind can be consistent with large scale structure and the cosmic microwave background
measurements. Here we have argued that such models can potentially explain various
observations on small scales, including the observed paucity and planar distribution of
satellite galaxies, the flat velocity function of field galaxies, and the structure of galaxy
halos.
The model features matter power suppression due to dark acoustic oscillations and
dark photon diffusion; these processes occur prior to and during dark hydrogen recom-
bination, and so only affect small scales. For a given Nsec, these scales depend only on
the kinetic mixing parameter, ǫ. To explore the ramifications of the small scale power
suppression, we have made use of the Extended Press Schechter formalism to obtain the
halo mass function. To make direct contact with observations, we evaluated the velocity
function, making use of the halo mass - rotational velocity relation suggested by the
dissipative dynamics. Matching the velocity function with the observations provided an
estimate of the kinetic mixing parameter, shown in Figure 5.
Structure becomes exponentially suppressed for small halos, mhalo . 10
9 m⊙. This
means that satellite galaxy’s around hosts, such as the Milky Way and Andromeda,
could only have formed top down. That is, from larger scale density perturbations. The
origin of the satellite galaxies is of course speculative, but there is a simple picture: A
galaxy scale dark matter perturbation is expected to collapse and cool ending in the
formation of a dark disk, in much the same way that the baryons evolve to produce
the baryonic disk. Such a nonlinear collapse process is not expected to be uniform,
and perturbations leading to small satellite galaxies could thereby have arisen. If this
formation mechanism is correct, then the satellite galaxies are anticipated to be co-
rotating and orbit in the same plane as the dark disk, kinematic features consistent
with observations of the satellites around the Milky Way [11–14], Andromeda [15, 16]
and Centaurus A [17, 18].
The dark disk will be heated once significant star formation occurs, as the kinetic
mixing interaction of strength ǫ ∼ 10−10 transforms Type II supernovae into powerful
dark sector heat sources. Eventually the dark disk can be heated to the point where
the dark gas component completely disrupts and expands to form a roughly spherical
extended distribution.10 The dark matter is then pressure supported and very hot, with
temperature typically greater than the ionization energy of dark hydrogen. This means
that galaxy halos around galaxies with active star formation, including spirals and dwarf
irregular galaxies, take the form of a dark plasma. Such a dark plasma halo continues to
be dynamical, it can expand and contract in response to heating and cooling processes.
The system is a complicated one, with baryons coupled to the dark matter via gravity,
10The baryonic stars which formed during the first stage of galaxy evolution, prior to the formation
of the roughly spherical dark halo, and those which formed after, could possibly be identified with the
thick and thin disk components of galaxies.
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while the dark matter is coupled to the baryons via the SN sourced heating.
This dynamically evolving system can be modelled with fluid equations. At the
current epoch, galaxy halos around sufficiently isolated and unperturbed galaxies are
presumed to have evolved to a steady state configuration, governed by relatively simple
equations, Eq.(5). This may not always occur, as for some systems the halo might
undergo runaway contraction or expansion. Some important issues have not been ad-
dressed here, including the dynamical stability of the steady state solution. This appears
to be especially nontrivial in models with Nsec > 1. Leaving this as an important open
question, we then solved the steady state equations (considering idealized spherically
symmetric systems) to yield the halo density, from which rotation curves can be de-
rived. These rotation curves have the rather interesting feature in that their shape and
normalization are effectively dictated by the baryonic properties of a given galaxy; a
direct consequence of the SN sourced heating.
We have examined a specific model with Nsec = 5, which can serve to illustrate
dark matter arising from multiple exact copies of the Standard model. It can also
be loosely motivated by the Ωdark ≈ 5Ωb cosmic density inferred from analysis of the
CMB anisotropies. Halo heating is sourced from Type II supernovae, and the level of
halo heating, which is set by the kinetic mixing parameter, must be sufficient to match
cooling. [This need not require any fine tuning, the halo will evolve, expand or contract,
etc., with SFR also dynamically evolving as it couples to the halo via gravity.] This
dynamics gives an estimate for ǫ, given by the hatched region in Figure 8, which is
consistent with the independent estimate from matter power suppression (Figure 5).
The rotation curves which result from the steady state density solution appear to
have the right broad properties to be consistent with the measured rotation curves of
spiral and dwarf irregular galaxies. The approximate linear rise in the inner region
r . rD, and the transition between the linear rise and flat profile at r/rD ∼ 1 − 2
are noted features of the measured rotation curves; features which also arise in these
steady state solutions. With respect to variations in rD the steady state solutions are
almost (but not exactly) scale invariant, with shape depending (approximately) only
on the dimensionless variable r/rD. The normalization of the halo velocity has a weak
variation with respect to rD, with v
max
halo ∝ (rD)1/4. [These results can also be understood
from the analytic considerations of Sec. 6.5, see also [56] for further discussion.] Scale
invariance is an important feature which appears to be essential if the rotation curve
measurements are to be explained, e.g. [28, 35, 45].11
We have spent a lot of time studying steady state solutions. These solutions appear
to have the capacity to provide a simple and consistent description of the current dark
matter properties in galaxies with active star formation, i.e. spirals and gas rich dwarfs.
Of course, dynamical halos influenced by heating and cooling processes could exist in non
steady state configurations. Large scale radial oscillations of the halo might be possible,
although transient in nature. Starburst galaxies are prime candidates for such oscillating
systems, with their oscillating period estimated from observations to be around 100 Myr
[162]. In some circumstances, galaxies would undergo runaway contraction or expansion,
11The concept of scale invariance has been discussed earlier in the context of Modified Newtonian
Dynamics [179].
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depending on various factors. Runaway contraction would see the halo condense into
dark stars and become very compact. The baryons would also become more compact
due to the enhanced gravitational field. The DDO101 and NGC3738 dwarf galaxies
are candidates for such systems. In the case of runaway expansion, the plasma halo
component disperses and escapes the galaxy. The baryons, if they do not also disperse
completely, will be weakly bound. The recently observed ultra-diffuse galaxy NGC1052-
DF2 with little or no dark matter would be a candidate for such an object [180].
With regard to elliptical and dwarf spheroidal galaxies, these galaxy types are known
to have a very low active star formation rate. In the absence of significant heat sources,
the dissipative dark matter would presumably have collapsed into dark stars and black
holes. As elliptical galaxies are rather common in the Universe, black holes too should
be rather numerous, which would have important implications for gravitational wave
observations [181,182]. More generally, dissipative dark matter could facilitate the early
formation of supermassive black holes around the time when dark disk formation was
occurring, which might be important in view of the observations indicating the early
formation of supermassive black holes [98–100].
Clearly, the treatment of small scale phenomena is still sketchy in many ways, and
much more work could be done to flesh out more of the details. There are many
interesting small scale issues yet to be studied, including time-dependent phenomena
such as rotation curves in starburst galaxies, evolution of galaxy dark matter from the
dark disk to the expanded halo distribution etc. Nevertheless, this analysis indicates
that dissipative dark matter models are promising candidates potentially able to explain
dark matter related phenomena on both large and small scales. One final topic yet to
be considered here is intermediate scales: dark matter in clusters as probed by cluster
collisions.
The most well known example is the Bullet cluster [183]. In that system there
is evidence that the dark matter from each cluster is able to pass through the other,
like the galaxy component. The baryon gas component is slowed and shock heated,
and is spatially offset from the galaxy and dark matter components. If dark matter is
dissipative, then the most straightforward interpretation of the Bullet cluster is that
the bulk of the dissipative dark matter in each cluster component has condensed into
dark subhalos and/or dark stars, cf. [184]. If the subhalos are compact enough, then
these objects can pass by each other without colliding during the cluster collision.
A rough estimation for the fraction of dark matter in the cluster that could of formed
subhalos follows from the Press Schechter formalism,
fhalo = erfc
(
ν√
2
)
(53)
where ν is defined in Sec.4.2. For mhalo & 10
9 m⊙, and ǫ = 10
−10, Nsec = 5 we find
that fhalo ≈ 0.5. The number of halos formed below 109 m⊙ is insignificant in the
Press Schechter formalism due to the matter power suppression effects arising during
the linear regime.
Of course, in the cluster environment, hydrodynamical effects, heating and cooling
processes, dark magnetic fields etc., might well be important and significantly modify
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the Press Schechter estimate. Are the subhalos disrupted and destroyed or do they
survive intact? Are additional subhalos formed? Galaxy - galaxy interactions and
collisions can strip halos of matter, and within the cluster might well produce numerous
smaller structures. Subhalos with mhalo . 10
9m⊙, if they are produced in this way,
may evolve into very compact objects. Systems with mean halo temperature below the
He II line emission peak, i.e. 〈Thalo〉 . 10 eV (or vasymrot . 30 km/s), have stability
issues and can potentially collapse into dark stars [56]. The end result will be a dark
matter distribution that has both a diffuse component and a more clumpy component
(comprising dark subhalos and dark stars). This picture can be consistent with Bullet
cluster observations provided that the diffuse component is less than around 50% of the
total dark baryon cluster mass in that system. This is presumably possible given the
apparent complexities associated with the evolution of the dissipative dark matter within
clusters. Naturally, significant variability between different clusters can arise, depending
on the evolutionary history and other factors, and this variability might account for the
apparent diversity of cluster observations reported in several studies [185–187].
Appendix: An estimate of the disk pressure force
As discussed in Section 5, baryonic and dark disks can potentially form at an early
stage of a galaxy’s life. The situation may be rather fluid as there is the possibility of
pressure forces arising from SN generated winds and also disk heating. The way the disks
evolve is expected to depend on whether these pressure forces are important relative to
gravity. If these pressure forces overwhelm gravity, then the the disks are expected to
be orthogonally orientated, which it has been suggested, might have something to do
with the polar alignment of satellite planes. In this appendix a crude estimate of the
disk pressure force due to heating of the disks is given.
Within dissipative dark matter models with kinetic mixing induced heating of dark
baryons from ordinary SN, and potentially also heating of baryons from dark SN, the
conditions necessary for significant disk heating are readily available. There can be
concurrent star formation in both sectors We shall assume for illustration that ordinary
SN form first, so that the dark disk is heated. (If it is the other way around, or if there
is concurrent dark and ordinary SN formation, then our conclusions are not expected to
change.) If the side of the dark disk facing the baryonic disk is heated to a temperature,
Tnear, then the pressure gradient creates a force per unit disk area of,
Fpressure = zdisk〈∂P
∂z
〉
∼ zdisk〈 ρ
m¯
∂T
∂z
〉 ∼ ρTnear
m¯
(54)
where m¯ is the mean mass parameter, and zdisk is a measure of the disk thickness. Also,
in the above equation we have assumed the density variation can be neglected relative
to the temperature variation.
For the purposes of a rough estimation, we consider a constant density disk extending
to a radius, R, and thickness zdisk, so that ρ = mdark/(πR
2zdisk). The average pressure
41
force on the dark disk is then
Fpressure = πR
2〈Fpressure〉
∼ mdarkTnear
m¯zdisk
. (55)
The gravitational force between the two disks is:
Fgravity ∼ GNmdarkmbaryon
R2
. (56)
Comparing Fpressure with Fgravity,
Fpressure
Fgravity
∼ TnearR
2
GNm¯zdiskmbaryon
∼
(
Tnear
10 eV
)(
0.1 kpc
zdisk
)(
1010 m⊙
mbaryon
)(
R
3 kpc
)2
. (57)
This is a very crude estimate, but nevertheless it indicates that the pressure force can
possibly overwhelm gravity.
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